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 I 
Abstract 
All	 microorganisms	 require	 transition	 metals	 for	 key	 metabolic	 processes,	 thus	
during	infection	microbial	access	to	essential	metals	is	tightly	regulated	by	the	host	
in	 a	 process	 termed	 nutritional	 immunity.	 Iron	 acquisition	 is	 critical	 to	 the	
pathogenesis	 of	 the	 formidable	 human	 pathogen,	 Staphylococcus	 aureus,	 which	




hemoprotein,	where	 binding	 to	 heme	 abrogates	 its	 ability	 to	 bind	DNA.	 Thus	 this	
work	 proposes	 a	 novel	 mechanism	 in	 which	 S.	 aureus	 controls	 SB	 synthesis	 in	
response	 to	 heme.	 Although	 free	 iron	 is	 scarce	 in	 the	 host,	 copper	 at	 the	 host-
pathogen	interface	is	found	in	excess.	Copper	is	highly	reactive	and	in	macrophages	
is	imported	into	phagosomes	where	it	exerts	bactericidal	effects.	S.	aureus	flourishes	
within	 macrophages	 and	 therefore	 must	 resist	 copper-mediated	 killing.	 I	
demonstrate	that	the	USA300	strain	of	Community-Associated	MRSA	relies	on	CopAZ	
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spectroscopy	 of	 SbnI	 mutant	 (3AIAEA7	 mutant).	 Lee-Ann	 Briere,	 Department	 of	




In	 chapter	 3,	 the	 initial	 discovery	 of	 ACME-encoded	 copB	was	made	 by	 Jessica	 R.	
Sheldon.	 Paul	 Planet	 at	 the	 Children’s	Hospital	 of	 Philadelphia	 provided	 the	 copB,	
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infections	and	surgeons	 initially	named	 them	Coccobacteria	 septica,	 then	Micrococcus,	
and	only	years	 later	eventually	gave	the	name	Staphylococcus	(1).	The	Staphylococcus	
genus	 is	 comprised	of	over	80	 species	of	 catalase-producing,	 coccoid-shaped	bacteria	
that	are	found	in	a	wide	range	of	ecological	and	physiological	niches.	The	group	is	broadly	
and	 commonly	 categorized	 by	 the	 ability,	 or	 not,	 of	 species	 to	 produce	 coagulase,	 a	
secreted	polypeptide	that	activates	prothrombin	(2).	Many	staphylococci	are	 found	as	
commensals,	 such	 as	 the	 coagulase-negative	 (CoNS)	 skin	 commensal	 S.	 epidermidis.	
However,	this	genus	has	garnered	notoriety	due	to	the	ability	of	many	species	to	cause	
severe	to	lethal	infections,	such	as	those	caused	by	coagulase-positive	(CoPS)	S.	aureus.		





simulans,	and	S.	 xylosus.	These	 CoNS	 appeared	 to	 originate	 from	 the	 skin	 and	 for	 the	
majority	of	cases	only	caused	internal	infections	in	humans	when	a	foreign	device	was	
present,	such	as	a	catheter	or	shunt	(5).	The	increasing	use	of	implanted	devices	has	led	
CoNS	 to	 be	 prevalent	 agents	 in	 nosocomial	 infections	 and,	 particularly	 in	
immunocompromised	individuals,	can	cause	severe	infections.	Notable	among	the	CoNS	
is	S.	lugdenensis,	known	to	cause	infrequent	but	aggressive	infectious	endocarditis,	with	
a	mortality	 rate	 reaching	42%	(6).	S.	 lugdenensis	stands	out	 from	 the	CoNS,	 as	 it	was	
initially	misidentified	as	S.	aureus	due	to	the	presence	of	a	membrane-bound,	coagulase-






can	 have	 widespread	 antibiotic	 resistance,	 and	 can	 form	 persistent,	 metabolically	
repressed	small	colony	variants	in	the	course	of	infection	(1).	Furthermore,	there	are	a	
number	of	CoPS	staphylococcal	species,	the	most	characterized	and	clinically	relevant	of	
them	 being	 S.	 aureus	 due	 to	 its	 high	 prevalence	 in	 human	 and	 domesticated	 animal	
infection.									
1.2 Staphylococcus aureus 
S.	aureus	 is	the	most	characterized	of	the	staphylococci.	Despite	living	commensally	in	
the	nasopharynx,	throat,	and	intestinal	tract	of	roughly	30%	of	the	population,	S.	aureus	
is	 also	 a	 human	 pathogen	 capable	 of	 causing	 severe	 diseases	 such	 as	 septicemia,	
necrotizing	 fasciitis,	 osteomyelitis,	 pneumoniae,	 and	 endocarditis	 (8–10).	 People	who	
are	 persistent	 or	 intermediate	 carriers	 of	 S.	 aureus	 are	 significantly	 more	 likely	 to	
develop	S.	aureus	infections,	with	numerous	studies	showing	the	infectious	strains	are	





for	 10%	of	 all	 hospital	 acquired	 infections	 (HAI)	 (8,	 12–14).	 S.	 aureus	 is	particularly	
formidable	as	many	strains	have	acquired	antibiotic	resistance,	with	the	World	Health	
Organization	 ranking	 methicillin-resistant	 S.	 aureus	 (MRSA)	 among	 the	 seven	 most	
threatening	infectious	bacterial	agents	in	the	world	(14).		
1.2.1 S. aureus antibiotic resistance 
Treatment	options	 for	S.	aureus	 infections	are	 largely	restricted	to	antibiotics,	against	
which	 resistance	 is	 quickly	 spreading.	 First-line	 penicillin	 antibiotics	were	 effectively	
introduced	in	1940	to	treat	S.	aureus;	however,	as	early	as	1942,	resistance	to	β	-lactams	











the	 1990’s	 a	 new	 MRSA	 strain	 was	 identified	 outside	 of	 a	 hospital	 setting,	 called	
Community	Acquired	(CA)	MRSA,	and	CA-MRSA	now	comprise	between	30-50%	of	all	
MRSA	infections	in	Canada	(13,	20).	CA-MRSA,	compared	to	its	HA-MRSA	counterpart,	
can	 infect	 otherwise	 healthy	 individuals,	 are	 typically	 more	 virulent,	 and	 are	 not	





greater	 severity	 such	 as	 osteomyelitis,	 endocarditis,	 necrotizing	 pneumonia,	 urinary	
tract	 infections,	and	sepsis	(21).	One	CA-MRSA	strain,	USA300,	 is	 the	most	commonly	
isolated	 CA-MRSA	 strain	 worldwide	 and	 as	 such	 is	 incredibly	 adept	 at	 infection	 and	
transmission	 and	 is	 globally	 known	 for	 its	 enhanced	 virulence	 and	 antimicrobial	
resistance	(8,	22).	
1.2.3 CA-MRSA strain USA300  
In	North	America,	the	epidemic	spread	of	CA-MRSA	can	be	attributed	to	USA300,	where	
by	2004	this	single	strain	was	the	most	common	agent	for	SSTIs	in	the	United	States	(22).	
Its	 increased	 virulence	 can	 be	 attributed	 to	 the	 presence	 of	 novel	 genetic	 mobile	
elements;	 unique	 to	 this	 clone	 are	 the	SEK	 (sek)	 and	 SEQ	 (seq)	 enterotoxins,	 Panton-







its	 name	 from	 the	arc	gene	 cluster	 that	 is	 comprised	 of	 genes	 necessary	 for	 arginine	
catabolism,	referred	to	as	the	arginine	deiminase	pathway	(ADI)	(23).		
As	 all	 sequenced	 S.	 aureus	 strains	 have	 a	 chromosomally-encoded	 arc	 operon,	 the	
acquisition	of	the	ACME	cassette	confers	USA300	with	two	sets	of	arc	genes.	Whereas	the	
chromosomal	 arc	 operon	 is	 expressed	 under	 anaerobic	 growth	 conditions,	 ACME-
encoded	arc	is	expressed	constitutively	under	conditions	of	both	anaerobic	and	aerobic	
growth	 (24–26).	 The	 ADI	 pathway	 involves	 the	 catabolism	 of	 arginine	 for	 use	 as	 a	
nitrogen	 source,	 and	 is	 a	 prevalent	metabolic	 pathway	 found	 in	 both	 eukaryotic	 and	
prokaryotic	species	(27);	although,	its	exact	role	in	bacterial	survival	has	not	been	fully	
elucidated.	The	arc	operon	contains	five	genes	in	total,	arcA,	arcB,	arcD,	arcC,	and	arcR:	




In	 addition	 to	 the	 arc	 operon,	 the	 ACME	 cassette	 also	 encodes	 a	 spermidine	




operon	 results	 in	 secretion	 of	 high	 levels	 of	 L-ornithine,	 which	 induces	 the	 host’s	
production	of	polyamines	(25).	ACME-encoded	SpeG	is	able	to	detoxify	the	polyamines	
Spd	and	Spm,	resulting	in	enhanced	growth	of	USA300	during	skin	colonization	(30,	31).	











1.3 S. aureus and host innate immunity 
To	 survive	 in	 the	 host,	 S.	 aureus	must	 evade	 being	 killed	 by	 the	 primary	 immune	
response.	 Integral	members	 of	 innate	 immunity	 are	 professional	 phagocytes,	 such	 as	
macrophages	and	neutrophils,	 that	 are	 critical	 to	bacterial	 clearance	during	 infection.	
Phagocytes	 have	 a	 large	 arsenal	 of	 antimicrobial	 effectors;	 however,	 remarkably,	 S.	
aureus	 is	 often	 able	 to	 survive	macrophage	 and	 neutrophil-mediated	 killing	 (33,	 34).	
Discussed	below	are	some	of	 the	effectors	employed	by	neutrophils	and	macrophages	
against	S.	aureus,	and	ways	in	which	this	pathogen	withstands	such	effectors.		
1.3.1 Phagocyte extravasation 
The	first	step	of	phagocyte-mediated	clearance	is	extravasation	to	the	site	of	infection.	
Microbes	 that	have	penetrated	 the	 skin	barrier	and	are	 localized	 to	 tissues	 cause	 the	
release	of	chemoattractants,	cytokines,	bacterial	products,	and	selectins	that	all	activate	
β2	integrins	on	the	surface	of	phagocytes	(33).	β2	integrins	bind	with	high	affinity	to	the	
intercellular	adhesion	molecule	1	 (ICAM-1)	of	endothelial	 cells.	Thus,	phagocytes	 that	
were	“rolling”	along	the	blood	vessel	wall	through	temporary	contact	of	glycoproteins	on	
the	 neutrophil	 and	 with	 P-	 and	 E-selectins	 on	 endothelial	 cells,	 suddenly	 become	










the	 firm	 adhesion	 of	 neutrophils	 to	 the	 endothelium,	 preventing	 translocation	 of	
neutrophils	(33).				
1.3.2 Priming and activation of phagocytes 
Phagocytes	that	cross	the	endothelial	barrier	are	met	with	a	plethora	of	chemoattractants	
that	direct	them	to	the	site	of	infection,	and	proinflammatory	stimulants	that	prime	and	
activate	 them	 for	 killing.	 Priming	 of	 phagocytes	 is	 predominantly	 through	microbial	
factors.	Priming,	although	not	essential	to	phagocyte	function,	results	in	amplification	of	
neutrophil	 responses,	 including	 altering	 the	 composition	 of	 surface	 receptors	 and	
adhesion	 molecules,	 heightened	 oxidative	 burst	 and	 actin	 polymerization,	 and	
augmented	 degranulation	 of	 secretory	 vesicles	 and	 subsets	 of	 granules	 (38).	
Staphylococci	 release	 a	 number	 of	 molecules	 that	 can	 activate	 the	 transmembrane,	
glycoprotein	toll-like	receptors	(TLRs)	on	neutrophils;	these	include,	but	are	not	limited	
to,	bacterial	 lipoproteins	 that	 activate	 receptors	TLR1,	TLR2,	 and	TLR6,	 and	bacterial	
CpG-rich	DNA	that	activates	TLR9	(39).			
1.3.3 Phagocytosis and oxidative burst 




receptor-mediated	process,	where	 receptors	on	 the	 surface	 of	 the	 phagocyte,	 such	 as	
TLRs	 that	 can	 recognize	 bacterial	 components,	 or	 immunoglobulin	 Fc	 receptor	 that	
recognizes	the	constant	region	of	IgG,	bind	to	molecules	on	the	bacterial	cell	surface	(38).	
The	result	of	this	binding	is	formation	of	cell	membrane	extensions,	or	pseudopods,	on	
the	 phagocytic	 membrane.	 Pseudopods	 form	 around	 the	 microorganism	 and	 then	
envelope	the	microbe	into	a	membrane-bound	vacuole	termed	the	phagosome.		
S.	aureus	inhibits	opsonization	through	staphylococcal	complement	inhibitor	(SCIN)	that	








as	 phagosomes	 still	 contain	 an	 appreciable	 amount	 of	 nutrients;	 therefore,	 it	 is	 the	
process	of	phagosome	maturation	in	the	macrophage,	or	fusion	with	preformed	granules	
in	the	neutrophil,	that	is	needed	to	kill	engulfed	bacteria	(33,	43).	Neutrophil	granules	
contain	enzymes	that	have	cytotoxic	effects	on	bacteria,	 these	 include:	 lysozymes	that	
degrade	 the	 cell	 wall,	 proteases	 that	 damage	 bacterial	 toxins	 and	 surface	 associated	
virulence	factors,	enzymes	such	as	myeloperoxidase	that	assist	in	metabolic	burst,	and	
antimicrobial	peptides	called	defensins	(44).		





through	 the	 activity	 of	 the	 membrane-bound,	 multiprotein	 Nicotinamide	 Adenine	
Dinucleotide	Phosphate	(NADPH)-oxidase.	NADPH-oxidase	is	found	in	the	phagosomal	
membrane	and	catalyzes	the	production	of	superoxide	(O2-	),	which	serves	as	a	catalyst	
for	 other	 reactive	 oxidants.	 NADPH	 is	 typically	 dormant	 in	 polymorphonuclear	 cells	
(PMNs)	but	is	induced	in	the	presence	of	pro-inflammatory	cytokines	(46).	ROS	is	not	
only	released	into	bacteria-containing	phagosomes	but	can	be	excreted	extracellularly	
into	 the	 environment.	 The	 oxidative	 burst	 is	 deleterious	 to	 bacterial	 cells,	 causing	
damage	to	membranes,	DNA,	RNA,	and	proteins	(47).			
S.	 aureus	 has	 a	 number	 of	 protective	 strategies	 against	 ROS.	 Staphyloxanthine,	 the	
molecule	responsible	for	the	golden	pigment	of	S.	aureus,	shields	the	membrane	against	
peroxide	and	singlet	oxygen	(48).	Inside	the	bacterial	cell,	S.	aureus	synthesizes	enzymes	










total	 proteinaceous	 content	 of	 the	 neutrophil	 cytoplasm.	 Calprotectin	 is	 upregulated	
during	 infection	 in	 neutrophils,	 as	 well	 as	 epithelial	 cells,	 and	 works	 to	 sequester	




in	 the	 liver	 compared	 to	WT	mice	 (60).	 Calprotectin	 is	 a	 S100	 class	 protein	 that	 is	 a	
heterodimer	 of	 S100A8	 and	 S100A9	 and	 is	 a	 member	 of	 the	 EF-hand	 Ca2+	 binding	
proteins	(61,	62).		
















1.3.5 Neutrophil extracellular traps 
Neutrophils	 can	 expel	 their	 intracellular	 contents	 in	 what	 is	 defined	 as	 neutrophil	
extracellular	 traps	 (NETs).	 NETs	 comprise	 nucleic	 acid,	 granule	 proteins,	 and	 other	
cytosolic	 components	 that	 work	 to	 ensnare	 nearby	 microbes,	 preventing	 bacterial	
dissemination	and	sepsis.	Although	it	is	not	entirely	clear	what	causes	the	formation	of	


























cell	 wall	 is	 comprised	 of	 a	 thick	 peptidoglycan	 (PGN)	 layer	 that	 provides	 structural	
integrity	 and	 protection	 against	 osmotic	 pressure,	 and	PGN-anchored	 lipotechoic	 and	
teichoic	acid	that	regulate	autolysis.	DltABCD	and	MprF	modify	positive	charges	on	the	
cell	 wall	 and	 afford	 resistance	 to	 cationic	 antimicrobial	 peptides.	 Capsular	
polysaccharide	 gives	 an	 additional	 layer	 of	 protection	 from	 antimicrobials.	 Secreted,	
pore-forming	toxins,	a,	b,	d	(including	other	phenol-soluble	modulins)	g,	and	leukocidins	
cause	 lysis	 of	 target	 host	 cells.	 Exo-enzymes,	 such	 as	 V8	 protease,	 aureolysin,	 and	
phospholipase	C,	cleave	and	degrade	host	proteins	and	lipids.	Secreted	exotoxins	interact	
with	 MHC	 class	 II-T	 cell	 receptor	 complexes	 and	 cause	 non-specific	 activation	 and	
proliferation	of	T	cells.	Covalently	anchored	adhesion	determinants,	fibrinogen	binding	
protein,	fibronectin	binding	protein,	clumping	factor,	VonWillebrand	(VW)	factor	binding	




























Secreted virulence factors 












with	 the	 F	 component,	HlgB.	S.	 aureus	produces	 three	 different	 leukocidins,	 the	most	
characterized	 of	 these	 being	 the	 Panton-Valentine	 leukocidin	 (PVL)	 (71).	 PVL	 is	
comprised	of	LukS-PV	and	LukF-PV,	 the	other	 two	 leukocidins	are	LukED	and	LukGH	
(LukAB).	 Like	 α-toxin,	 the	 individual	 monomers	 of	 γ-hemolysin	 and	 leukocidins	
assemble	into	a	β-barrel	structure	that	forms	a	pore,	causing	lysis	of	the	target	host	cell.	
Toxins	 are	 generally	 observed	 in	 the	 supernatant	 of	 cells	 and	 function	 as	 a	 secreted	
factor.	 LukGH/AB,	 however,	 is	 anchored	 to	 the	 bacterial	 cell	 membrane	 (72–75).	 β-
hemolysin	differs	from	α-	and	γ-hemolysin	in	that	it	does	not	cause	cell	lysis	by	pore-
formation	but	degrades	sphingomyelin	in	the	target	cell	membrane	into	ceramide	and	
phosphorylcholine.	 This	 degradation	 is	 thought	 to	 alter	 membrane	 fluidity	 and	
destabilize	the	membrane	bilayer	(76).		


















T	 cell	 receptors	 (TCRs)	 (85).	 The	 trimolecular	 complex	 of	 superantigen-MHC	 II-TCR	
induces	 large-scale	 T	 cell	 proliferation	 resulting	 in	 massive	 secretion	 of	 cytokines,	
referred	to	as	a	cytokine	storm.	This	results	in	extensive	damage	to	epithelial	cells	and	































bind	 to	 fibrinogen	 and	 are	 responsible	 for	 platelet	 adhesion	 and	 aggregation.	 von	




portion	of	 IgG,	 an	 immune	evasion	 tactic	 that	 impairs	opsonization	and	phagocytosis.	
Protein	A	 can	 also	 bind	 to	 von	Willebrand	 factor	 and	 complement	 protein	 C3,	which	
increases	 S.	 aureus	 adhesion	 to	 platelets	 (97).	 A	 second	 binder	 of	 immunoglobulin	
protein	 (Sbi)	 is	both	an	anchored	and	secreted	 Ig-binding	protein	 that,	 in	addition	 to	
antibody	 binding,	 works	 synergistically	 with	 extracellular	 fibinogen-binding	 protein	
(EfB)	to	bind	plasmin	and	leads	to	the	degradation	of	complement	proteins	C3a,	C3b,	and	
C3	(98).	In	addition,	most	S.	aureus	strains,	but	not	the	aforementioned	USA300	due	to	
mutations	 in	 cap5D	 and	 cap5E	 genes,	 produce	 a	 polysaccharide	 capsule,	 typically	









cells	 from	 antibiotic	 treatment.	 They	 are	 generally	 comprised	 of	 host	 factors,	
polysaccharides,	 proteins,	 and	 extracellular	 DNA	 (eDNA)	 (101).	 S.	 aureus	 biofilm	
formation	on	hard	surfaces	is	largely	facilitated	by	the	accumulation-associated	protein	
(Aap),	autolysins	AtlA	and	AtlE,	and	wall	teichoic	acid	(WTA)	and	lipoteichoic	acid	(LTA)	




confocal	 laser-scanning	 microscopy	 (CLSM),	 psm	 mutants	 had	 significantly	 reduced	
biofilm	formation	compared	to	isogenic	WT	(103),	demonstrating	how	S.	aureus	utilizes	
virulence	factors	for	multiple	roles	during	infection.			





and	 bacterial	 dissemination	 are	 necessary	 (104).	 Regulation	 in	 the	 cell	 is	 achieved	
through	two	broadly	categorized	families	of	transcriptional	regulators	i)	two-component	
systems	 (TCS),	 comprised	 of	 an	 environmentally	 “sensing”	 transmembrane	 histidine	






Accessory gene regulator (Agr) system 
The	majority	of	exoproteins	produced	by	S.	aureus	are	regulated	by	the	accessory	gene	
regulator	 (agr)	 system,	 which	 functions	 as	 a	 global	 regulator	 and	 activator	 of	 many	
virulence	genes	(106,107).	The	agrBDCA	operon	encodes	two,	divergent	transcriptional	
products,	RNAII	 and	RNAIII,	where	RNAII	 encodes	agrBDCA	 that	 are	 involved	 in	 cell-









(109).	 Thus,	 the	 combined	 regulon	 of	 RNAIII	 and	 AgrA	 is	 hundreds	 of	 genes,	 many	
involved	 in	 virulence,	 that	 generally	 result	 in	 the	 upregulation	 of	 toxins	 and	
downregulation	 of	 surface	 proteins	 (110,	 111).	 Not	 surprisingly,	 agr	 is	 essential	 for	
virulence	in	vivo	(112–114).	
Staphylococcal accessory regulator (Sar) family 
The	transcription	of	RNAII	and	RNAIII	is	partially	reliant	on	another	regulatory	system,	
designated	the	staphylococcal	accessory	regulator	(sar).	The	sar	locus,	roughly	1.2	kb,	is	











specific	 for	various	structural	components	of	 the	peptidoglycan	wall	 (116).	 Important	




Repressor	of	 toxins	 (Rot)	 is	 a	DNA-binding	protein	 that	belongs	 to	 the	SarA-family	of	
regulators.	Rot,	like	many	regulators	in	the	SarA	family,	performs	dual	regulation,	as	it	
both	 activates	 the	 expression	 of	 surface	 proteins	 and	 immunomodulators,	 such	 as	
Protein	 A	 and	 superantigens,	 and	 represses	 expression	 of	 exotoxins	 and	 secreted	
enzymes	(119).		





signal	 of	 the	 Sae	 system	 is	 the	 human	 neutrophil	 peptide	 1,	 2,	 and	 3,	 which	 are	
antimicrobial	 peptides	 produced	 by	 neutrophils	 and	 constitute	 30-50%	 of	 the	 total	
protein	 in	 azurophilic	 granules.	 A	 second	major	 activation	 signal	 is	 calprotectin,	 also	
produced	by	neutrophils,	that	sequesters	metals	zinc,	manganese,	and	iron,	and	thereby	
inhibits	S.	aureus	proliferation	 (120).	The	Sae	 system	activates	a	number	of	 virulence	
genes,	including	fbnA,	coA,	and	sbi,	and	represses	virulence	factors,	including	hla	and	hlb,	
and	its	regulation	is	growth-dependent	but	agr-independent	(120,	121).	
Regulation of biofilms 
The	formation	of	biofilms	in	S.	aureus	is	controlled	by	overlapping	regulatory	pathways,	
where	repression	or	inactivation	of	SarA	results	in	decreased	biofilms	and	inactivation	
of	 agr	 results	 in	 heightened	 formation	 of	 biofilms.	 Rot	 has	 been	 implicated	 as	 a	 key	
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cell	 is	 broken	 down	 into	 three	 main	 functions:	 redox	 catalytic	 cofactors,	 non-redox	












iron	 sequestration	 by	 the	 host	 is	 referred	 to	 as	 nutritional	 immunity	 and	 is	 a	 crucial	
component	 of	 microbial	 control	 and	 clearance	 (123).	 In	 addition	 to	 the	 active	
sequestration	of	iron,	at	physiological	pH	and	in	the	presence	of	oxygen,	iron	is	readily	





1.4.1 Host sequestration of iron 
Iron	is	an	essential	nutrient	in	the	human	body,	where	20-26	mg	of	iron	is	used	daily;	the	
largest	portion	of	 this	 iron	 (~80%)	 is	 found	 intracellularly	associated	 to	heme	 (126–
128).	 The	 heme	 prosthetic	 group	 is	 a	 planar	 molecule	 coordinated	 by	 Fe2+	 iron.	
Spontaneous	auto-oxidation	of	heme	results	in	formation	of	ROS	that	can	cause	severe	
damage	to	cells	and	tissue;	thus	heme	has	intrinsic	toxic	properties	that	are	ameliorated	
by	 binding	 to	 large	 globular	 proteins,	 such	 as	hemoglobin	 (Hb)	 (129).	Hemoglobin	 is	
typically	 contained	 within	 red	 blood	 cells;	 however,	 during	 destruction	 of	 senescent	
erythrocytes	 or	hemolysis,	Hb	 is	 released	 into	 the	 blood	where	 it	 can	 have	 cytotoxic	
effects.	Although	the	concentration	of	extracellular	Hb	is	usually	low	in	the	body,	during	
conditions	of	 rapid	erythrocyte	destruction,	 free	Hb	 and	 free	heme	 in	 the	plasma	can	







in	 order	 to	 be	 taken	 up	 by	 the	 divalent	metal	 ion	 transporter-1	 (DMT-1)	 (126,	 130).	
Within	enterocytes,	ferrous	iron	typically	follows	one	of	three	possible	pathways:	i)	it	is	
used	to	produce	biliverdin,	ii)	it	is	incorporated	into	the	multimeric,	iron-storage	protein,	
ferritin,	 or	 iii)	 it	 is	 oxidized	 back	 to	 ferric	 iron	 and	 is	 exported	 out	 of	 the	 cell	 by	
ferroportin.	 Ferroportin	 is	 the	 only	 iron	 exporter	 characterized	 in	 humans	 and	 is	
expressed	in	enterocytes,	macrophages,	hepatocytes,	cells	of	the	central	nervous	system,	
and	placenta	syncytiotrophoblasts	(130,	131).		
Once	 released	 into	 the	 blood	 stream	 by	 ferroportin,	 ferrous	 iron	 is	 converted	 by	
ceruloplasmin	 to	 ferric	 iron,	 which	 is	 then	 bound	 by	 transferrin	 (Tf).	 Transferrin	




member	of	 the	 innate	 immune	system	as	 it	sequesters	 free	 iron	 in	the	serum	limiting	
access	to	invading	organisms	(126,	130).	Diferric-Tf	can	be	taken	up	by	cells	via	binding	
to	 the	 transferrin	 receptor	1	 (TfR1)	 followed	by	 receptor-mediated	endocytosis.	 Free	
iron	 can	 also	 be	 bound	 by	 the	 transferrin-like	 glycoprotein,	 lactoferrin	 (Lf);	 Lf	 is	




130,	 133).	 Hepcidin	 is	 a	 hormone	 secreted	 by	 the	 liver	 that	 directly	 regulates	
internalization	and	degradation	of	 ferroportin.	Therefore,	hepcidin	 is	most	 frequently	
released	in	response	to	excess	levels	of	extracellular	iron,	either	to	combat	transferrin	
saturation	or	as	part	of	an	inflammatory	response	(133).	Upon	ferroportin	degradation,	
iron	 is	 stored	 intracellularly,	 dietary	 iron	 uptake	 is	 halted,	 and	 iron	 release	 from	




body,	 such	 as	 neutrophils	 (134).	NGAL	serves	 to	 scavenge	 and	 bind	 catecholate-	 and	
phenolate-type	 siderophores.	 Siderophores	 are	 small	 iron	 chelators	 produced	 by	
bacteria	as	a	means	to	obtain	ferric	iron	(to	be	discussed	in	section	1.5.2),	where	NGAL	is	
characteristically	known	to	bind	enterobactin,	a	widely	synthesized	siderophore	among	
Enterobacteriaceae	 (134,	 135).	Mice	 that	 are	NGAL	deficient,	NGAL-/-,	 are	much	more	
susceptible	 to	 infections	by	Gram-negative	bacteria	 than	mice	with	a	 functional	NGAL	










therefore,	 it	 is	 not	 surprising	 that	 synthesis	 of	 2,5-DHBA	 is	 downregulated	 during	
infection,	freeing	NGAL	to	bind	to	bacterial	siderophores	(138,	140).	Figure	1-2	highlights	
the	battle	over	 iron	during	 infection	and	 illustrates	 strategies	used	by	 the	host	 and	S.	
aureus	to	maintain	iron	homeostasis.		
1.5 Bacterial Iron acquisition systems 
Due	to	stringent	 iron	sequestration	exerted	by	the	host,	perhaps	the	most	challenging	
obstacle	for	most	pathogens	to	overcome	during	infection	is	iron	acquisition.	Therefore,	
a	 defining	 characteristic	 of	 pathogens	 is	 their	 ability	 to	 acquire	 iron	 bound	 by	 host	
proteins.	 Below	 I	 discuss	 some	 of	 the	 pathways	 bacteria	 use	 to	 acquire	 this	 essential	
metal.			
1.5.1 Uptake of ferrous iron 
Uptake	 of	 free	 ferrous	 iron	 in	 many	 bacteria	 is	 facilitated	 by	 the	 Feo	 transporter.	
Although	characterized	extensively	in	members	of	Enterobacteriaceae,	homologs	of	Feo	
have	been	observed	in	Gram-positive	pathogens	such	as	S.	aureus,	Bacillus	anthracis,	and	
Listeria	 monocytogenes	 (123).	 The	 iron-regulated	 feoABC	 genes	 encode	 proteins	
necessary	 for	 Fe2+	 iron	 transport.	 FeoA	 is	 a	 small	 cytoplasmic	 protein	 that	 is	 often	
encoded	in	close	proximity	to	feoB.	The	exact	role	of	FeoA	in	Fe2+	uptake	is	unknown;	
however,	deletion	of	feoA	in	E.	coli	resulted	in	a	60%	decrease	in	Fe2+	uptake	(141),	and	













pathogens	 to	 obtain	 host	 iron.	 On	 mucosal	 surfaces,	 lactoferrin	 sequesters	 iron,	 yet	
bacteria	 can	 obtain	 iron	 from	 lactoferrin	 by	 secreting	 siderophores	 or	 by	 secreting	
reductases	that	reduce	iron	from	Fe3+	to	Fe2+,	releasing	it	from	lactoferrin.	Bacteria	can	
obtain	 iron	 bound	 to	 heme	 by	 secreting	 hemolysins,	 which	 release	 intracellular	
hemoglobin	 and	 heme	 into	 the	 blood.	 While	 the	 host	 uses	 hemoglobin-	 and	 heme-
scavenging	 proteins	 to	 sequester	 these	 iron	 sources,	 bacteria	 have	 mechanisms	 to	
counter	these	systems.	Macrophages	move	iron	from	the	phagosome	and	the	cell	using	
natural	resistance	macrophage	protein	1	and	ferroportin,	respectively,	to	keep	iron	from	
intracellular	 pathogens.	 In	 response	 to	 binding	 by	 the	 iron	 homeostasis	 hormone	
hepcidin,	 membrane-bound	 ferroportin	 is	 degraded,	 thus	 withholding	 iron	 in	
intracellular	 compartments.	Fe2+	 that	 is	secreted	 is	 rapidly	oxidized	by	 ceruloplasmin	
(Cp),	 and	 the	 Fe3+	 is	 quickly	 picked	 up	 by	 transferrin.	 Transferrin-bound	 iron	 is	




can	 remove	 transferrin-bound	 iron	 even	 in	 the	 presence	 of	 NGAL.	 Lf,	 lactoferrin;	 Tf,	
transferrin;	 sid,	 siderophore;	 Hp,	 haptoglobin;	 Hx,	 hemopexin;	 Hb,	 hemoglobin;	 Hm,	
















feoC	 (yhgG)	 is	 only	 found	 in	 γ-proteobacteria,	 and	 was	 thought	 to	 encode	 a	





in	 aerobic	 environments	 targets	 FeoC	 itself	 to	 oxygen-sensitive,	 Lon-mediated	
proteolysis.	Thus,	FeoC	may	function	as	an	oxygen	sensor	to	Fe2+	uptake.	In	iron-limiting,	
anoxic	conditions,	an	environment	that	favors	Fe2+	iron,	FeoC	is	resistant	to	proteolysis	
and	 stabilizes	 the	 FeoB	 transporter.	 In	 aerobic	 environments,	 FeoC	 undergoes	
proteolytic	 degradation	 resulting	 in	 destabilization	 of	 FeoB	 and	 reduced	 ferrous	 iron	
import	(146).					
Fe2+	is	rarely	found	in	the	host	because	of	the	presence	of	oxygen,	and	thus	Fe2+	is	rapidly	




molecular	 mass,	 iron-chelators,	 called	 siderophores.	 Siderophores	 are	 endogenously	
synthesized	and	are	secreted	into	the	extracellular	milieu	where	they	can	bind	free	ferric	
iron	 or	 remove	 iron	 from	 proteins	 such	 as	 transferrin	 and	 lactoferrin	 (123).	 The	
siderophore-iron	 complex	 is	 too	 large	 to	 diffuse	 through	membrane	 porins,	 and	 thus	
must	 be	 actively	 transported	 inside	 the	 cell	 by	 specific,	 ATP-dependent	 transporters	






moieties	 they	 contain.	 There	 are	 five	 common	 siderophore	 types:	 (α-hydroxy-)	
carboxylate,	catecholate,	phenolate,	hydroxamate,	and	mixed	siderophores	that	contain	
two	more	moieties	(149).	Due	to	their	high	electronegativity,	most	siderophores	have	
high	 affinity	 for	 ferric	 iron,	 exceeding	 the	 affinity	 of	 transferrin	 or	 lactoferrin.	 The	
hexacoordinated	structure	of	siderophores	encompasses	the	Fe3+	 ion	 in	an	octahedral	
geometry,	 where	 the	 number	 of	 bound	 Fe3+	 ions	 varies	 on	 the	 type	 and	 number	 of	
moieties	 present	 (125).	 Bacterial	 siderophores	 are	 synthesized	 through	 one	 of	 two	






1.5.3 NRPS siderophores 
The	 NRPS	 pathway	 uses	 large	 multidomain	 enzymes,	 that	 assemble	 siderophore	
complexes	 from	 a	 broad	 array	 of	 amino,	 carboxy,	 and	 hydroxy	 acids.	 This	 allows	 for	
molecules	of	generally	higher	molecular	weight	and	also	high	structural	variability	that	
can	 be	 increased	 through	 various	 substrate	 modifications.	 NRPS	 siderophores	 are	
typically	aryl-capped	through	a	domain	of	one	of	the	enzymes	(151).	Well	studied	NRPS	
siderophores	 include	 enterobactin,	 a	 common	 siderophore	 produced	 by	
Enterobacteriaceae,	 yersiniabactin	 from	Yersinia	 spp.,	 pyochelin	 and	 pyoverdine	 from	
Pseudomonas	 aeruginosa,	 and	 vibriobactin	 produced	 by	 Vibrio	 cholerae.	 Other	 NRPS	





Gram-positive	 species,	 Corynebacterium	 glutamicum,	 Bacillus	 subtilis,	 and	 two	
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Streptomyces	 species	 (154–156).	 The	 synthesis	 of	 enterobactin	 was	 among	 the	 first	




dihydro-2,3-dihydroxybenzoate	 (158).	 Following	 the	 formation	 of	 2,3-DHB,	 L-serine	
forms	an	amide	linkage	with	2,3-DHB	through	catalytic	action	of	EntD,	EntE,	EntF,	and	
the	C-terminal	aryl	carrier	of	EntB.	The	final	enterobactin	molecule	is	released	from	the	
terminal	 thioesterase	 domain	 of	 EntF	 following	 the	 hydrolysis	 of	 three	 DHB-serine	
molecules	 by	 intramolecular	 cyclization.	 Enterobactin	 binds	 iron	 through	 three	
catecholate	 moieties	 that	 are	 linked	 in	 a	 triserine	 macrocycle.	 Iron	 release	 from	
enterobactin	 is	 achieved	 through	 the	 action	 of	 a	 cytoplasmic	 esterase	 (158).	
Enterobactin’s	affinity	for	iron	is	one	of	the	highest	characterized	with	a	binding	constant	
of	1052	M,	which	is	considerably	higher	than	that	of	transferrin	at	1023	M.		
Most	 NRPS	 siderophores	 are	 constructed	 as	 described	 above	 and	 are	 key	 virulence	
factors	 in	 many	 pathogens.	 For	 example,	 enterobactin	 in	 Campylobacter	 jejuni	 and	
Salmonella	enterica	(159,	160),	pyoverdine	in	Pseudomonas	aeruginosa	and	Pseudomonas	
syringae	 (161,	 162),	 and	 yersiniabactin	 in	 Yersinia	 pestis,	 Klebsiella	 pneumoniae	 and	
Proteus	mirabilis	(163–165),	are	all	essential	for	virulence	in	animal	models	of	infection.		
1.5.4 NIS siderophores 
The	NIS	siderophore	pathway	has	been	much	less	characterized	and	does	not	require	the	
large	 multi-domain	 enzymes	 of	 NRPS	 but	 instead	 relies	 on	 smaller	 condensation	
reactions	of	alternating	subunits	of	dicarboxylic	acids	with	diamines,	amino	alcohols	and	
alcohols	(125).	The	synthetases	involved	in	NIS	pathways	have	been	characterized	based	
on	 common	 function.	 Aerobactin,	 a	 mixed-type	 siderophore	 that	 contains	 two	







second	 substrate.	 Type	 B	 synthetases	 catalyze	 the	 substitution	 reaction	 of	 the	 C5	
carboxyl	of	α-ketoglutarate	for	the	citrate	carboxyl.	Lastly,	type	C	enzymes,	represented	
by	 IucC,	 catalyze	 condensation	 of	 monoamide/monoester	 derivatives	 of	 citrate	 or	
succinate	to	carboxyl	groups	on	molecules	with	an	amine	or	an	alcohol	(150,	166).		
The	 synthesis	of	 aerobactin	was	 the	 classic	 example	of	NIS	 siderophore	 synthesis	 for	
nearly	a	decade;	however,in	recent	years,	seven	other	gene	clusters	have	been	uncovered	
that	encode	NIS	biosynthetic	genes.	All	NIS	biosynthetic	pathways	contain	at	least	one,	
and	 typically	 two	 or	 three,	 IucA	 and	 IucC	 enzymes	 (150).	 Discussed	 below	 are	 the	
siderophores	utilized	by	S.	aureus,	of	which	two,	staphyloferrin	A	and	staphyloferrin	B,	
are	NIS	siderophores.	
1.5.5 Staphylococcal siderophores 
The	 preferred	 iron	 source	 for	 S.	 aureus	 is	 heme;	 however,	 deletion	 of	 heme	 uptake	
pathways	 only	 partially	 abrogates	 virulence	 suggesting	 that	 other	 iron	 acquisition	
mechanisms	are	utilized	(167,	168).	A	key	mechanism	of	S.	aureus	iron	acquisition	is	the	
use	of	siderophores,	of	which	three	siderophores	have	been	characterized	in	S.	aureus:	


















endogenously	 produces	 three	 siderophores:	 polycarboxylate	 siderophores	
staphyloferrin	B	 (biosynthetic	operon	 sbn)	 and	 staphyloferrin	A	 (biosynthetic	operon	
sfa),	 and	 the	 nicotianamine	 siderophore,	 staphylopine	 (biosynthetic	 operon	 cnt)	 that	













siderophores	 that	 have	 pKa	 values	 that	 are	 upwards	of	 8.	 This	makes	 carboxylate	
siderophores	ideal	for	acidic	environments	(151).	
Staphyloferrin A 
Staphyloferrin	A,	 first	 identified	 in	S.	hyicus,	 is	 found	 in	all	S.	aureus	strains	and	 is	
widespread	among	coagulase-negative	staphylococci	(177).	SA	is	comprised	of	two	
citrate	molecules	bridged	by	a	D-ornithine	and	has	the	chemical	formula	N2,N5-di-(1-
oxo-3-hydroxy-3,4-dicarboxylbutyl)-D-ornithine	 (48	 kDa)	 (128,	 178).	 The	
biosynthetic		proteins	for	SA	were	identified	through	BLAST	searches	of	iucABC	genes	
in	the	S.	aureus	chromosome,	and	are	encoded	on	the	sfaABC	operon,	and	divergently	
transcribed	 sfaD.	 SfaD	 and	 SfaB	 are	 NIS	 synthetases	 that	 use	 the	 substrates	 D-





1,2-diaminoethane,	 and	 2,3-diaminopropionic	 acid	 (128,	 173–176,	 179).	 The	 sbn	
operon	encodes	the	biosynthetic	proteins	and	efflux	protein	for	SB,	and	the	sir	operon	
encodes	proteins	needed	for	SB	import	into	the	cell	(173–176,	178,	179).	The	operon	
is	 comprised	 of	 nine	 genes,	 sbnA-I.	 The	 gene	 product	 of	 sbnD	 is	 an	 efflux	 pump	
involved	in	secretion	of	SB,	and	the	gene	products	of	sbnABCEFGH	are	all	involved	in	
SB	synthesis:	the	gene	product	of	sbnA	is	a	O-phospho-L-serine	sulfhydrylase,	sbnB	
encodes	 a	 NAD+-dependent	 dehydrogenase,	 sbnC,	 sbnE,	 and	 sbnF	 all	 encode	 NIS	
synthetases,	 sbnG	 encodes	 a	 citrate	 synthase,	 and	 the	 gene	 product	 of	 sbnH	 is	 a	
decarboxylase	(172–174,	180).	The	functions	of	these	genes	are	well	established	as	
SB	 has	 been	 entirely	 synthesized	 in	 vitro	 using	 only	 the	 purified	 enzymes	








primary	 siderophore	 utilized	 by	 S.	 aureus	during	 growth	 in	 serum	 due	 to	 limited	
availability	 of	 citrate	 in	 the	 cell.	 SA,	 unlike	 SB,	 relies	 on	 citrate	made	 by	 CitZ,	 an	
essential	protein	in	the	TCA	cycle	that	uses	substrates	oxaloacetate	and	acetyl-CoA	to	
produce	 citrate	 (180,	 181).	 During	 growth	 in	 iron-restricted	 media,	 and	 in	 the	
presence	of	glucose,	the	iron-sparing	response	is	initiated	causing	downregulation	of	
iron-consuming,	 but	 non-essential	 pathways,	 such	 as	 the	 TCA	 cycle.	 In	 the	 iron-
sparing	response,	 glycolysis	 is	utilized	as	 the	central	 carbon	metabolism	pathway,	
which	 does	 not	 produce	 citrate	 as	 a	 by-product,	 resulting	 in	 no	 available	 citrate	
substrate	for	SA.	SB	overcomes	the	necessity	for	CitZ,	and	the	TCA	cycle,	by	having	its	
own	dedicated	citrate	synthase	on	the	sbn	operon,	SbnG	(172,	180).	The	activity	of	
SbnG	 is	 thought	 to	 be	 specific	 to	 SB,	 and	 cannot	 be	 used	 in	 both	 siderophore	
pathways.	Therefore,	growth	in	serum	is	not	permissive	for	SA	production,	as	serum	
is	 iron-restrictive	 and	 glucose-rich.	 This	 has	 been	 corroborated	 in	 vivo,	 where	
mutation	 of	 sbnE	 alone	 significantly	 abrogates	 the	 ability	 of	 S.	 aureus	 to	 cause	





binds	 iron,	 but	 also	nickel,	 cobalt,	 zinc,	 and	 copper	 (183).	 This	 non-proteinogenic	
amino	acid	chelator,	nicotianamine,	is	one	of	the	most	common	metal	chelators	found	
in	 plants	 (184).	 Homologues	 of	 Stp	 have	 been	 identified	 in	 human	 pathogens,	
nonetheless,	such	as	Y.	pestis	and	P.	aeruginosa	(185).	Nicotianamine	is	synthesized	
through	nicotianamine	 synthase	 (NAS):	 a	pathway	of	 three	S-adenosyl	methionine	
molecules	 (SAM)	 that	 form	 an	 azetidine	 ring	 from	 condensation	 of	 three	 α-
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aminobutyric	 acid	moieties	 (184).	The	enzymes	 responsible	 for	Stp	 synthesis	 in	S.	
aureus	are	encoded	on	the	cobalt	and	nickel	transporter	(cnt)	genes	cntK,	cntL,	and	
cntM.	CntL	is	a	NAS-like	enzyme;	CntM	is	related	to	octopine	dehydrogenase,	and	is	a	






cntKLM	 genes	are	on	 the	 same	 loci	 as	 the	nickel	 and	cobalt	 importer,	 encoded	on	
genes	 cntA-F.	 CntABCDEF	 importer	 was	 previously	 shown	 to	 be	 important	 for	 S.	
aureus	virulence	(186,	187).	The	cnt	genes	are	upregulated	in	metal-deplete	media,	
where	 mutations	 to	 either	 cntL	 and	 cntA-F	 caused	 decreased	 intracellular	
accumulation	 of	 iron,	 nickel,	 zinc,	 copper,	 and	 cobalt,	 as	 shown	 by	 ICP-MS,	
demonstrating	 importance	 of	 Stp	 for	 import	 of	 these	 essential	 metals	 (183).	
Chemically	 synthesized	 Stp	 had	 affinity	 for	 all	 five	 heavy	 metals	 with	 Kd	 affinity	
greatest	for	Cu2+,	followed	by	Ni2+,	Co2+,	Zn2+,	and	lastly	Fe2+.	Although	Stp	is	capable	




Xenosiderophores and stress hormones 
In	addition	to	taking	up	its	own	siderophores,	S.	aureus	is	also	able	to	take	up	other	
iron-containing	 compounds,	 including	 hormones	 (also	 referred	 to	 as	
pseudosiderophores)	and	xenosiderophores;	the	latter	are	siderophores	produced	by	
other	organisms.	This	ability	is	not	limited	to	S.	aureus	but	has	been	observed	in	other	
bacteria,	 attesting	 to	 the	 resourcefulness	of	microbes	 to	obtain	essential	nutrients	




many	Gram-positive	and	-negative	bacteria.	The	three	genes	 in	 the	 fhuCBG	operon	
encode	proteins	of	an	ABC	transporter,	where	FhuC	is	a	promiscuous	ATPase,	FhuB	
and	 FhuG	 form	 a	 bipartate	 transmembrane	 permease,	 where	 mutation	 of	 FhuG	
abrogates	 substrate	 uptake,	 and	 FhuD1	 and	 FhuD2	 are	 membrane-anchored	
receptors	 that	 bind	 and	 transfer	 ferric-hydroxamate	 complexes	 to	 FhuCBG	 for	
transport	(189–191).	FhuD1	and	FhuD2	have	unique	binding	affinities,	where	FhuD1	
appears	 to	 bind	 a	 limited	 subset	 of	 siderophores,	 namely	 ferrichrome	 and	
desferrioxamine,	whereas	FhuD2	 is	 involved	 in	 the	 acquisition	of	 a	wide	 range	of	
hydroxamate	 substrates,	 including	 ferichrome,	 desferioxamine	 B,	 aerobactin	 and	
coprogen	(190,	192).					





and	 lactoferrin,	 not	 due	 to	 a	 higher	 affinity	 for	 ferric	 iron,	 such	 as	 bacterial	
siderophores,	but	through	reduction	of	ferric	iron	to	ferrous	iron	(199).	Catecholate	
substrates	 are	 taken	 up	 by	 S.	 aureus	 by	 a	 highly	 conserved	 staphylococcal	
siderophore	transporter,	SstABCD	(199).	In	vivo	studies	done	in	mice	demonstrated	
that	 an	 sstABCD	mutant	 had	 significantly	 lower	 colony	 forming	 units	 in	 the	 heart	
compared	 to	WT;	 however,	 no	 significant	 differences	 were	 seen	 in	 other	 organs,	
namely	the	liver	and	kidneys	(199).	
1.5.6 Removal of transferrin/lactoferrin-bound iron by Tbp and Lbp 
Part	 of	 the	 success	 of	 mucosal	 pathogens	 like	 Neisseria	 spp.,	 Moraxella	 spp.,	
Haemophilus	 spp.,	and	Pasteurella	 spp.	 is	 their	 ability	 to	 obtain	 iron	directly	 from	
transferrin	or	lactoferrin.	This	feat	is	achieved	through	transferrin	binding	proteins	
(Tbp)	or	lactoferrin	binding	proteins	(Lbp).	Tbp	and	Lpb	are	surface-expressed,	iron-




surface-associated	 lipoprotein	 TbpB	 (200,	 201).	 In	 this	 pathway,	 TbpB	 binds	
holotransferrin	and	transfers	it	to	lipoprotein	TbpA,	which	can	bind	either	holo-	or	












FbpB/C,	 that	 ultimately	 brings	 the	 ferric	 iron	 into	 the	 cytoplasm	 (202).	 The	
lactoferrin-iron	uptake	pathway	is	very	similar	to	transferrin,	although	requires	its	
own	designated	receptors,	namely	lactoferrin	binding	protein	A	(LbpA)	and	LbpB.	




secrete	 hemolysins	 or	 cytolysins	 to	 lyse	 heme-containing	 host	 cells,	 such	 as	
erythrocytes,	 causing	 release	of	 free	hemoglobin,	 and	 traces	of	 free	heme	 into	 the	
environment;	ii)	through	either	proteases	that	disrupt	hemoglobin-heme	interaction,	
hemophores	 that	 bind	 free	 heme	 or	 take	 it	 from	hemoproteins,	 or	 through	 direct	
binding	of	heme/hemoglobin	to	receptors	on	the	cell	surface,	heme	is	brought	to	the	





1.5.8 Gram-negative bacteria heme uptake 
Gram-negative	bacteria	commonly	acquire	heme	through	direct	uptake	of	heme,	or	
removal	 of	 heme	 at	 the	 cell	 surface,	 by	 the	 outer	 membrane,	 TonB-dependent	
transporters	(TBDTs)	that	may	work	in	collaboration	with	hemophores.	Hemophores	
have	 been	 characterized	 in	 many	 Gram-negative	 bacteria	 and	 work	 similarly	 to	
siderophores,	in	that	they	are	freely	diffusible	and	scavenge	for	free	heme	or	remove	
it	from	host	proteins.	The	most	well	characterized	hemophore	is	HasA,	first	identified	




membrane	 complex	HasF,	 into	 the	 extracellular	milieu	 (203).	 In	 the	 environment,	
HasA	 sequesters	 free	 heme	 or	 strips	 heme	 bound	 to	 host	 hemoproteins.	 Crystal	
structures	 of	 HasA	 demonstrate	 that	 the	 heme	 molecule	 is	 almost	 completely	
surrounded	by	unstructured	 loops,	 in	contrast	 to	most	heme-binding	proteins	that	





import	 into	 the	 cell	 (207,	 208).	 HasR	 is	 capable	 of	 interacting	 with	 a	 variety	 of	
hemoproteins,	including	albumin,	hemoglobin-haptoglobin,	and	free	heme;	however,	
the	heme-transport	process	 is	made	100-fold	more	efficient	with	HasA	(209,	210).	
HasR	 is	 a	member	 of	 a	 large	 and	 crucial	 family	 of	 transporters	 in	 Gram-negative	




1.5.9 Heme uptake strategies of Gram-positive bacteria  
Few	heme	uptake	systems	have	been	identified	in	Gram-positive	bacteria;	however,	
one	 that	 has	 been	 extensively	 characterized	 is	 the	 iron-surface	 determinant	 (Isd)	
system.	The	best	characterizations	of	this	pathway	are	from	studies	in	S.	aureus	and	
B.	anthracis.	The	Isd	proteins	form	a	protein	shuttle	cascade	that	imports	heme	from	
the	 environment,	 across	 the	 peptidoglycan	 layer,	 and	 uses	ABC	 transport	 into	 the	
cytoplasm.	Highly	conserved	in	this	pathway	are	the	near-iron	transporter	(NEAT)	
domains	that	allow	for	heme	ligation.	NEAT	domains	are	120-125	amino	acids	that	














The	 first	 identified	 heme-acquisition	 system	 in	 Gram-positive	 bacteria,	 due	 to	 its	
sequence	 similarity	 to	 Gram-negative	 pathways,	 was	 in	 C.	 diphtheriae	 (204).	
Mutations	 in	one	 of	 the	 three	 heme-uptake	 (hmu)	 genes,	hmuT,	hmuU,	and	hmuV,	
resulted	in	an	inability	of	the	strains	to	grow	with	heme	as	the	sole	iron	source.	These	
three	 genes	 were	 identified	 as	 parts	 of	 an	 ABC	 transporter,	 where	 HmuT	 was	 a	
lipoprotein	 capable	 of	 binding	 heme	 and	 hemoglobin,	 and	 HmuUV	 formed	 the	







1.5.10 S. aureus heme uptake 
Because	 of	 the	 thick	 peptidoglycan	 wall	 in	 Gram-positive	 bacteria,	 movement	 of	
molecules	from	the	environment	to	the	cell	membrane	is	restricted,	and	thus	requires	
peptidoglycan	 anchored	 receptors	 to	 facilitate	 transport.	 A	 screen	 to	 identify	 the	
enzyme(s)	responsible	for	the	covalent	attachment	of	proteins	to	the	peptidoglycan	
wall	 uncovered	 sortase	 A	 (SrtA)	 (222).	 SrtA	 specifically	 cleaves	 a	 conserved,	 C-
terminal,	five-amino	acid	recognition	motif,	LPXTG,	forming	a	sortase-substrate	acyl-





identify	 other	 sortases.	 These	 searches	 uncovered	 sortase	 B	 (SrtB),	 which	 was	





IsdA,	 that	 then	 transfers	 heme	 to	 IsdC	 at	 the	 cell	 membrane	 (224,	 227–231).	
Discovered	 later	 was	 another	 peptidoglycan	 anchored	 protein,	 IsdH,	 which	 also	
participated	 in	 the	 heme	 transport	 assembly	 line	 (232).	 IsdB	 contains	 two	 NEAT	
domains,	 N1	 binds	 hemoglobin	 and	 hemoglobin-haptoglobin	 complexes,	 and	 N2	
binds	only	to	heme.	IsdH	contains	three	NEAT	domains,	where	N1	and	N2	both	bind	
hemoglobin	and	haptoglobin,	where	N3	 interacts	only	with	heme	 (233).	Thus,	 the	

















1.5.11 Transport of iron complexes 
Iron	 complexed	 to	 siderophores	 or	 heme	 is	 too	 large	 to	 passively	 diffuse	 through	
porins	in	the	membrane,	and	thus	needs	to	be	transported	into	the	cell	by	designated	
transporters.	 The	 main	 transporters	 characterized	 in	 this	 process	 are	 the	 ATP-
binding	 cassettes	 (ABC)	 and	 the	 Gram-negative	 TonB-dependent	 transporters,	
depicted	in	figure	1-4.		
In	Gram-negative	bacteria,	 iron-complexes	are	brought	 into	 the	 cell	 through	TonB	
dependent	 transporters	 (TBDT).	 Approximately	 50	 different	 TBDTs	 have	 been	
characterized,	 all	 with	 different	 ligands,	 although	 the	 majority	 of	 TBDTs	 are	
responsible	 for	 siderophore	 uptake	 (237).	 Other	 identified	 ligands	 for	 TBDTs	 are	
heme,	vitamin	B12,	 carbohydrates,	 and	nickel	chelates.	Due	 to	porin	 channels,	 the	








iron	 scavenged	 from	 siderophores	 or	 heme.	 This	 is	 a	 composite	 diagram	 and	
represents	 mechanisms	 used	 by	 many	 pathogenic	 bacteria.	 A.	 Model	 of	 TonB-
dependent	 transport	 in	 Gram-negative	 bacteria.	 An	 iron	 siderophore	 complex	
entering	 through	 a	 TonB-dependent	 transporter	 (TBDT)	 in	 the	 outer	 membrane	
(OM).	Movement	through	the	TBDT	requires	an	interaction	of	the	TonB	box	with	the	
TonB	protein,	with	the	energy	 for	conformational	changes	provided	by	the	proton	
motive	 force	 captured	 by	 the	 ExbB	 and	ExbD	 proteins.	 Intracellular	 iron,	 via	 Fur,	
negatively	 regulates	 transcription	 of	 genes	 encoding	 iron	 acquisition	 systems.	 In	
some	TBDTs,	an	N-terminal	extension	is	present	to	provide	an	extra	layer	of	control	
of	 gene	 expression,	 in	 addition	 to	 Fur.	 This	 involves	 an	 anti-σ-	 factor	 and	
extracytoplasmic	function	σ-factor,	allowing	for	gene	expression	in	response	to	the	
uptake	of	particular	iron	chelates.	B.	Gram-positive	bacteria	rely	on	ABC	transporters	
for	 iron-complex	 import.	 In	 the	 case	of	heme	 transport	 in	Staphylococcus	spp.	and	
Bacillus	spp.,	heme	 is	 shuttled	across	 the	peptidoglycan	 (PG)	 layer	by	 isd	encoded	
hemoproteins.	 Depicted	 is	 the	 Isd	 pathway	 characterized	 in	 S.	 aureus.	 OM,	 outer	


















extracellular	 substrate-binding	 residues	 of	 the	 transporter,	 it	 transduces	 a	 signal	
across	the	membrane	that	causes	defolding,	or	“unplugging”,	of	the	TonB	box	from	
inside	 the	 barrel,	 allowing	 for	 transport	 of	 the	 substrate	 into	 the	 periplasm.	 This	
process	 is	 reliant	 on	 the	 TonB-ExbB-ExbD	 proteins	 of	 the	 inner	 membrane	 that	
supply	 the	 necessary	 energy	 (244).	 TonB	 contains	 three	 functional	 domains:	 N-





energizes	 the	 transporter	 to	bring	 the	 iron-complex	 into	 the	periplasm.	The	exact	
mechanism	behind	 the	 domain	 rearrangement	 of	 TonB-box	 is	 currently	 unknown	
(240,	242,	243).			
Some	TBDTs	also	possess	an	N-terminal	extension	domain,	or	signaling	domain,	that	
signal	 to	 cytoplasmic	 transcription	 factors	 binding	 of	 the	 substrate,	 causing	
downstream	 activation	 of	 appropriate	 genes.	 This	 N-terminal	 extension	 has	 been	
found	in	the	E.	coli	ferric-citrate	receptor,	FecA	(245),	the	ferric-pyoverdine	receptor,	
FpvA,	 of	P.	 aeruginosa	 (246),	 and	 in	heme-iron	 transporter	HasR	of	S.	marcescens	
(247).	 The	 α-/anti-α-factor	 is	 localized	 to	 the	 cytoplasmic	 membrane	 where	 it	
sequesters	an	associated	and	often	co-transcribed	extracytoplasmic	 function	(ECF)	









1.5.12 Iron-substrate import with ABC transporters 
TBDT-dependent	uptake	of	iron-substrates	is	specific	to	Gram-negative	bacteria		and	
is	a	specific	way	to	import	iron-complexes	into	the	periplasm.	Once	in	the	periplasmic	
space,	 the	 substrate	 is	 directed	 by	 periplasmic-binding	 proteins	 to	 a	 specific	 ATP	
binding	cassette	(ABC)	transporter	in	the	cytoplasmic	membrane	for	import	into	the	
cytoplasm	 (123).	 In	 an	 analogous	 process,	 Gram-positive	 bacteria	 rely	 on	 ABC	
transporters	and	substrate-specific	membrane-anchored	lipoproteins	to	bring	iron-
substrates	 inside	 the	 cell.	 ABC	 transporters	 consist	 of	 a	 cytosolic	 ATP-binding	
lipoprotein,	a	transmembrane	permease,	and,	for	Gram-negative	bacteria,	a	soluble	






constitute	 roughly	 65%	 of	 the	 permease,	 and	 two	 hydrophilic	 domains	 in	 the	
cytoplasm.		These	four	domains	are	typically	independent	polypeptide	chains	that	are	
assembled	to	 form	a	multimeric	complex	 in	 transporters	responsible	 for	substrate	
influx.	For	exporters,	however,	these	four	domains	are	usually	derived	from	a	single	
polypeptide	 chain	 (249).	 Slight	 differences	 in	 the	 amino	 acid	 sequence	 of	 the	 IM	
domain	 provide	 the	 specificity	 needed	 to	 transport	 the	 appropriate	 substrate.	
Typically,	there	is	only	one	ABC	transporter	per	substrate,	which	confers	the	cell	with	
greater	 precision	 for	 iron-substrate	 uptake.	 Along	 with	 transport	 across	 the	
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of	 the	 two	 globular	 domains.	 Periplasmic	 proteins	 interact	 directly	 with	 the	
transmembrane	permease,	where	they	deliver	and	release	the	bound	substrate	for	
transport	into	the	cytoplasm.			
Lastly,	 essential	 to	 the	 transport	 of	 iron-complexes	 in	 Gram-positive	 bacteria	 are	
membrane	anchored	 lipoproteins.	Lipoproteins	 serve	 in	a	wide	 range	of	 functions	
from	uptake	of	other	essential	nutrients,	sensing	and	signaling	of	the	environment,	
protein	 secretion,	 and	 antibiotic	 resistance	 (252).	 Much	 like	 the	 analogous	
periplasmic-binding	 proteins	 of	 Gram-negative	 bacteria,	 the	 protein	 portions	
recognize	 with	 high	 specificity	 their	 iron-substrates,	 whereas	 the	 N-terminal,	
covalently-linked	 lipid	 portion	 is	 anchored	 to	 the	membrane	 preventing	diffusion.	






1.5.13 S. aureus iron acquisition mechanisms and virulence 
The	preferred	iron	source	for	S.	aureus	is	heme	(254).	Heme	is	acquired	through	use	
of	 the	 Iron-surface	 determinant	 (Isd)	 system	 as	 previously	 described	 in	 section	
1.5.10.	The	utilization	of	heme	is	an	important	virulence	factor	for	S.	aureus,	and	thus	













critical	 for	systemic	 infection.	SA	 is	 important	for	skin	 infections,	as	a	SA-deficient	
strain	had	significantly	fewer	recoverable	CFUs	than	isogenic	WT,	and	a	SB-deficient	




































1.5.14 Regulation of iron uptake systems  
Iron-uptake	 systems	are	 tightly	 regulated	 in	 response	to	 the	 intracellular	 levels	of	
iron.	A	very	well	characterized	gene	regulator	in	Gram-negative	and	-positive	bacteria	
is	 Fur.	 Fur	was	 first	 identified	 in	E.	 coli,	where	 a	 single	mutation	 in	 the	 fur	 gene	
resulted	 in	 constitutive	 expression	 of	 iron	 acquisition	 genes	 (268–270).	 Since	 the	
initial	discovery,	Fur	has	been	extensively	characterized	 in	many	bacterial	species.	











When	 iron	 is	 replete	 in	 the	 cell,	 Fur	 binds	 to	 ferrous	 iron,	 altering	 its	 dimer	
conformation	 to	 promote	 DNA	 binding	 to	 a	 19-bp	 Fur-binding	 consensus	 site,	
referred	to	as	 the	Fur	box.	Fur	boxes	are	typically	A/T-rich,	19-bp	 inverted	repeat	
sequences	usually	overlapping	the	-10	and	-35	promoter	elements	(274).	Fur	bound	






binding	 proteins	 and	 heme	 transporters,	 and	 biosynthesis,	 export	 and	 import	 of	
siderophores,	 are	 regulated	 via	 Fur.	 In	 S.	 aureus,	 nearly	 all	 genes	 involved	 in	





48;	 these	 genes	 generally	 fall	 into	 two	 categories:	 those	 that	 contribute	 to	 iron	












them	 for	 degradation.	 This	 process	 is	 a	 part	 of	 what	 is	 called	 the	 “iron-sparing	
response”,	 in	 which	 iron-containing	 enzymes	 and	 iron-storage	 proteins	 are	




There	 is	 a	 large	 number	 of	 Fur	 homologs	 that	 have	 been	 identified.	 Some	 of	 the	
widespread	 Fur-homologs	 are	 Zur,	 regulator	 of	 zinc-homoestasis	 (282),	 PerR	 that	
regulates	 genes	 in	 response	 to	 oxidative	 stress	 (283),	 Mur,	 gene	 regulation	 in	
response	 to	manganese	 (284),	Nur,	 a	nickel-responsive	 regulator	 (285),	 and	 Irr	of	
Bradyrhizobium	 spp.	 (286).	 Irr	 is	 upregulated	 in	 response	 to	 iron-starvation	 and	
functions	as	a	negative	 regulator	of	hemB,	 a	 gene	encoding	 the	heme	biosynthetic	
enzyme	δ-aminolevulinic	acid	dehydratase,	and	genes	in	bacterioferritin	production	
(286–289).	In	the	presence	of	heme,	Irr	disassociates	from	DNA	causing	derepression	
of	 regulated	 genes.	 In	 some	 species,	 Irr	 can	 also	 activate	 genes	 involved	 in	 iron	
uptake.	Unlike	other	metalloregulators	that	function	as	repressors	in	the	presence	of	
their	metal	 ion,	 instead,	 when	 Irr	 is	 complexed	 to	 its	 response	 substrate,	 namely	
heme,	it	undergoes	degradation	causing	derepression	of	target	genes	(290).			
In	 some	 GC-rich,	 Gram-positive	 bacteria,	 such	 as	 Streptomycetes,	Corynebacterium	
spp.,	 and	Mycobacterium	spp.,	 another	 iron-responsive	 regulator	 is	utilized	named	
DtxR	 (diphtheria	 toxin	 regulator).	DtxR	 transcription	 factors	 regulate	 similar	gene	




(291,	 292).	 DtxR	 is	 not	 a	 member	 of	 the	 Fur	 family,	 and	 contains	 no	 sequence	
similarity	 to	Fur,	although	the	structures	of	 these	two	regulators	are	similar.	Both	




1.6 Copper  
Like	 iron,	 copper	 is	 an	 essential	 micronutrient	 for	 living	 systems	 and	 plays	 an	
important	role	 in	central	metabolism,	oxidative	phosphorylation,	 iron	metabolism,	
hydrolytic	pathways,	and	 is	a	key	metal	cofactor	 for	many	enzymes	(122).	Despite	








interact	 with	 S-nitrosothiols	 groups	 to	 generate	 nitric	 oxide;	 as	 copper	 is	 more	
reactive	than	most	transition	metals,	including	iron,	its	presence	in	biological	systems	
can	have	considerable	deleterious	effects	(297).		
1.6.1 Copper treatment in a health care setting  
In	 2008	 the	 US	 Environmental	 Protection	 Agency	 (EPA)	 granted	 recognition	 to	
copper	as	having	antimicrobial	efficacy,	approving	over	300	different	copper	surfaces	
(298).	Test	results	showed	that	most	microbes	examined	were	killed	within	hours	on	
copper	 surfaces,	 and	 this	 was	 exacerbated	 with	 decreased	 humidity,	 increased	
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also	 increased	 lethality,	 suggesting	 that	 the	 formation	 of	 ROS	 is	 an	 important	







antimicrobial	 properties.	 A	 study	 in	 Birmingham,	 UK,	 showed	 that	 compared	 to	
stainless	 steel,	 and	 other	 surfaces	 commonly	 used,	 copper-coated	 surfaces	
dramatically	decreased	 the	bacterial	 burden,	having	a	90-100%	reduction	up	 to	6	
months	after	installation	(300).	A	study	in	Hamburg,	Germany,	measured	the	survival	
of	microbes	and,	in	particular,	the	survival	of	ciprofloxacin-resistant	Staphylococcus	
(CRS)	as	a	 reporter	 for	multi-drug	 resistant	pathogens	 common	 to	hospitals.	They	
found	dramatic	differences	in	the	bacterial	burden	of	the	overall	microbe	population	
(63%	reduction);	however,	there	were	no	significant	differences	observed	with	CRS,	




water	 in	 16	 hospitals	 to	 prevent	 hospital-acquired	 Legionnaires	 disease.	 Prior	 to	
installation	 in	 1995,	 all	 16	 hospitals	 had	 reported	 hospital-acquired	 legionnaires	
disease,	and	47%	of	hospitals	reported	having	more	than	30%	of	distal	water	sites	
test	 positive	 for	 Legionella	 contamination.	 During	 the	 study,	 50%	 of	 hospitals	
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reported	 no	 Legionella	 contamination	 in	 the	 water	 supply,	 and	 all	 16	 hospitals	
reported	0%	hospital-acquired	legionnaires	disease	(302).			




bacteria	 emerging	 within	 livestock	 and	 crops	 (304).	 Unlike	 metals,	 antibiotics	
transiently	 persist	 in	 soil	 and	 water	 as	 they	 are	 prone	 to	 degradation	 and	
sequestration.	Recent	work	has	suggested	that	the	presence	of	copper,	mercury,	zinc,	
and	arsenic	may	in	fact	aid	in	persistence	of	antibiotic-resistant	genes	(ARG),	as	both	
metal-resistance	 proteins	 and	 antibiotic-resistance	 proteins	 share	 high	 functional	












1.6.3 Copper homeostasis in humans  
Like	 iron,	 copper	 is	 essential	 to	 the	human	body,	 as	 it	 is	not	only	 involved	 in	key	
metabolic	 functions,	but	also	plays	a	role	 in	blood	clotting,	 iron	transport,	peptide	
hormone	 production,	 pigmentation,	 and	 brain	development	 (307).	 Similar	 to	 iron,	







secreted	by	the	 liver	when	there	are	 low	copper	 levels,	 like	hepcidin-regulation	of	
iron,	and	a	copper-responsive	hormone	has	been	suggested	in	mice	(308).	In	the	liver,	
much	of	 the	newly	acquired	copper	 is	loaded	onto	ceruloplasmin,	a	serum	protein	









in	 the	 urinary	 tract	 are	 thought	 to	 prevent	 urinary	 tract	 infections	 (313).	
Ceruloplasmin	is	not	required	for	copper	absorption	or	copper	uptake	in	the	liver,	as	
aceruloplasminemic	mice	did	not	display	decreased	ability	in	these	pathways.	These	
mice,	however,	did	display	a	defect	 in	 iron	mobilization,	 a	 result	of	 ceruloplasmin	
functioning	 as	 an	 essential	 ferroxidase	 (314–316).	 Additionally,	 unlike	 ferric-




ctr1	 gene	 in	 mice	 resulted	 in	 mortality	 half	 way	 through	 gestation.	 CTR1	 is	 the	
primary	human	transporter	of	copper;	however,	even	in	CTR1-deficient	cells,	copper	











(319,	 320).	 Transport	 of	 copper	within	 cells	 is	 largely	 facilitated	 through	 the	 Cu-
activated,	 P-type	 ATPase	 transporters,	 ATP7A	 and	 ATP7B,	 which	 are	 critical	 for	
proper	copper	homeostasis	(320).	
1.6.4 Copper usage by macrophages 










survival	 of	 engulfed	 microbes	 (296).	 This	 mechanism	 is	 performed	 through	 the	
concerted	effort	of	outer	membrane	copper-transporter	CTR1,	which	imports	copper	
from	 the	extracellular	milieu	 to	 cytoplasmic	 chaperone	ATOX1,	which	shuttles	 the	
copper	either	to	the	golgi,	or,	in	the	case	of	infection,	to	the	phagosome	for	efflux	by	
ATP7A	into	the	phagosome	(324).	Due	to	the	high	 levels	of	copper	experienced	by	




1.7 Copper detoxification systems in bacteria 
The	major	players	in	bacterial	copper	detoxification	systems	are	P1B	-type	ATPases	
that	 are	 involved	 in	 extrusion	 of	 copper	 from	 the	 cytoplasm;	 copper-binding	




1.7.1 Enterococcus hirae copper detoxification pathway 
The	majority	of	 heavy	metal	 efflux	 pumps	 are	 a	 sub-class	 of	 P-type	ATPases,	 that	


















for	heavy	metal	binding.	The	 cysteines	 in	 this	motif	were	also	necessary	 for	CopA	
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1.6.2 Copper detoxification in E. coli  
Like	E.	hirae,	the	copper	detoxification	system	of	E.	coli	is	well	studied	(339).	Figure	
1-5	 is	 a	 schematic	 of	 the	 major	 copper	 detoxification	 systems	 in	 E.	 coli	 and	 is	
representative	of	many	Gram-negative	bacteria.	Although	E.	coli	is	not	characterized	


















type	 ATPase	 transports	 copper	 from	 the	 cytoplasm	 into	 the	 periplasm,	 are	
upregulated	 in	 response	 to	 copper	 via	 the	 copper-binding	 regulator,	 CueR.	 In	 the	
periplasm,	CueO	oxidizes	Cu+	 to	Cu2+.	Alternatively,	 the	two-component	regulatory	












Copper	 in	 the	 periplasm	 is	 readily	 oxidized	 from	 Cu+	 to	 Cu2+	 by	 proteins	 of	 the	
electron	 transport	 chain	 (344).	 Cuprous	 copper	 is	 also	 oxidized	 by	 CueO,	 a	
multicopper	 oxidase	 (MCO)	 that	 uses	 molecular	 oxygen	 to	 oxidize	 copper	 (345).	
Additionally,	 metal	 chaperones	 in	 the	 periplasm	 sequester	 copper	 and	 prevent	
uncontrolled	oxidation.	Examples	 of	 copper	 chaperones	 found	 in	E.	 coli	and	other	
bacterial	species	include	the	PcoC/CopC-like	and	PcoE/CopE-like	chaperones,	as	well	
as	the	CusF	chaperone	(340).		
The	 final	 fate	of	periplasmic	 copper	 is	 efflux	 from	 the	periplasm	by	metal-specific	
transporters.	As	the	oxidation	of	Cu+	 to	Cu2+	by	oxidases	requires	oxygen,	efflux	of	
copper	 from	 the	 cell	 is	 particularly	 important	 under	 anaerobic	 conditions.	 Two	
different	efflux	systems	have	been	characterized	in	E.	coli	that	work	to	rid	the	cell	of	
copper.	 The	 first	 system	 is	 the	 Cu-sensing,	 or	 cusRS	 locus	 that	 encodes	 a	 two-
component	 regulatory	 system,	where	 CusS	 is	 a	membrane-bound	histidine	 kinase	
and	 CusR	 the	 cytoplasmic	 response	 regulator	 (346).	 This	 two-component	 system	




membrane	 fusion	 and	 adaptor	 protein.	 CusF,	 a	 periplasmic	 copper-binding	
chaperone,	delivers	 copper	 to	CusB	where	 the	metal	 ion	 is	 transported	out	of	 the	
periplasm	by	the	CusCBA	complex	(347).	E.	coli	also	utilizes	ATPase	CopA	for	efflux	
of	copper	out	of	the	cytoplasm	into	the	periplasm.		





copper	 ions	 bound	 by	 CueO,	 however,	 it	 was	 hypothesized	 that	 it	 may	 serve	 an	
additional	 function	 in	 the	 cell	 other	 than	 to	 sequester	 and	 oxidize	 copper	 (350).	
Experiments	 revealed	 that	 the	 copper	 bound	 by	 CueO	 had	 enzymatic	 function,	 as	
CueO	 had	 both	 ferroxidase	 and	 phenoloxidase	 activity.	 Thus,	 in	 addition	 to	
functioning	as	a	MCO,	CueO	also	functions	as	a	ferroxidase	and	oxidizes	chelated	iron	
from	 phenolate	 siderophores,	 namely	 2,3-dihydroxybenzoate	 and	 enterobactin	
(349).	The	proposed	mechanism	 is	 that	 copper	may	enter	 the	 cell	non-specifically	
through	 divalent	 metal	 ion	 transporters,	 such	 as	 Feo.	 In	 high	 concentrations	 of	





1.7.3 Copper-responsive regulation in bacterial systems 
Copper	regulation	can	be	broadly	divided	into	two	groups:	copper	monitoring	that	
occurs	in	the	periplasm,	which	is	largely	achieved	through	two-component	regulatory	
systems,	 or	 regulation	 that	 occurs	 in	 the	 cytoplasm,	 comprised	 of	 mostly	 single-
component	regulators	or	activators.		
CopY transcription factors 
CopY	 is	 the	 founding	member	of	 copper-responsive	 transcription	 factors,	 and	was	
originally	 identified	 in	 E.	 hirae,	 and	 has	 since	 been	 characterized	 in	 other	 Gram-
positive	 organisms,	 namely	Enterococcus	 faecalis,	 Lactococcus	 lactis,	 Streptococcus	










DNA	binding,	 supporting	 the	notion	 that	 the	putative	QQ	motif	 is	needed	 for	DNA	






Two component CusRS copper regulators 
Two-component	regulatory	systems	(TCS)	are	found	in	all	prokaryotic	organisms	and	
are	key	factors	to	environmental	adaptation.	As	previously	described,	TCS	typically	





proteobacteria	P.	 flourescens,	 P.	 putida,	 P.	 syringae	 (352–355),	 H.	 pylori	 (356),	 the	
cyanobacterium	Synechocystis	sp.	PCC	6803	(357),	and	the	Gram-positive	bacterium	




both	 are	 responsive	 to	 copper,	 the	 CusRS	 TCS	 is	 responsive	 during	 growth	 in	






and	 CueO,	 and	 thus,	 in	 these	 instances,	 CusCBA	 is	 needed	 to	 maintain	 copper	
homeostasis	(360).			
Cornybacterium	glutamicum	 is	another	organism	that	has	a	dual	copper	regulatory	
system.	 In	 addition	 to	 the	 single-component,	 cytoplasmic	 regulator	 CsoR,	 C.	
glutamicum	 also	 expresses	 the	 TCS,	 CopRS.	 CopS	 of	 C.	 glutamicum	 shares	 a	 21%	
sequence	identity	to	CusS	of	E.	coli,	and	CopR	contains	a	34%	sequence	identity	to	
CusR	 (358).	CopRS	 regulates	 two	gene	clusters,	 cg3281-3285	and	cg3286-cg3289.	
The	 cg3281-3285	 operon	 encodes	 CopR,	 CopS,	 putative	 copper	 chaperone	 CopZ,	
putative	 lipoprotein,	 and	 copper	 efflux	 ATPase	 CopB.	 The	 cg3286-cg3289	 gene	




CueR-like transcriptional regulators 
CueR	copper	regulators	are	MerR-type	transcription	factors	that	are	found	in	many	
proteobacteria.	MerR	is	a	large	family	of	transcription	factors	that	respond	to	a	wide	
array	 of	 environmental	 stimuli.	 These	 regulators	 consist	of	 three	 domains:	 the	N-
terminal	 domain	 that	 contains	 the	 classical	 helix-turn-helix	 DNA-binding	 motif,	 a	
central	dimerization	domain,	 and	 the	C-terminal	metal	binding	domain	 (363).	The	
CueR	regulator	was	first	described	in	E.	coli	and	was	the	sole	activator	of	the	copA	
gene.	The	CueR	DNA	binding	site	in	E.	coli	contained	a	19	bp	extended	spacer	region	
located	between	 the	 -10	and	 -35	promoter	elements,	 that	 contains	a	7	bp	dyad	of	





copper,	 genome-wide	 transcriptomics	 in	 E.	 coli	 demonstrated	 that	 CueR	 could	
potentially	 regulate	 hundreds	 of	 genes	 involved	 in	 iron	 metabolism,	 energy	
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metabolism,	 general	 stress	 response,	 and	 flagellar	 biosynthesis;	 in	 addition,	 197	
putative	 CueR	 promoter	 sites	 have	 been	 found	 in	 the	 chromosome,	 suggesting	 a	
global	regulatory	role	for	CueR	(364,	365).		
CsoR transcription factors 
Regulation	of	many	copper	detoxification	systems	is	facilitated	through	the	copper-
sensitive	operon	repressor	(CsoR)	(366).	In	bacteria	lacking	the	CueR	transcription	
factor,	CsoR	 is	 the	primary	 single-component,	copper-sensing	 transcription	 factor.	




a	 DNA-binding	 domain.	 CsoR	 family	 members	 adopt	 a	 flat	 disc-shape	 dimer,	 and	
typically	function	as	homodimers,	or	tetramers,	where	each	dimer	binds	two	copper	
ions;	 copper	 binding	 occurs	 through	 binding	of	 two	 conserved	 cys	 residues	 (367,	
368).	CsoR,	unlike	CueR	which	 functions	as	an	activator	of	 gene	expression	 in	 the	
presence	of	copper,	is	mechanistically	similar	to	Fur:	CsoR	represses	gene	expression	
in	 the	 absence	 of	 copper,	 but	 when	 intracellular	 copper	 is	 present,	 undergoes	 a	
conformational	change	that	decreases	 its	affinity	 for	DNA,	causing	derepression	of	
genes	(369).			
1.7.4 Copper detoxification pathways and intracellular survival  
The	 first	 connection	 of	 copper	 to	 the	 innate	 immune	 system	 was	 neutropenia	
observed	in	humans	and	animals	that	were	copper	deficient	(370,	371).	Interestingly,	
neutrophils	 of	 copper-deficient	 patients	 had	 impaired	 function	 presenting	 as	




showed	 depressed	 LD50,	 significantly	 higher	 bacterial	 counts	 in	 the	 spleen,	 and	
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reduced	 fever	 (374).	 Further	 studies	 showed	 similar	 results	 demonstrating	 that	
hypercupremia	leads	to	greater	susceptibility	to	infection	(375–377).		
Since	 these	 early	 discoveries,	 mutation	 of	 key	 copper	 efflux	 systems	 have	
demonstrated	 that	 these	 are	 important	 virulence	 factors	 in	 E.	 coli	 (324),	





by	work	done	 in	murine	macrophages	 infected	with	E.	 coli.	White	et	al.	made	 two	
important	 discoveries:	 (i)	 that	 IFN-!	 activation	 of	 macrophages,	 resulted	 in	





mechanism,	 ATP7A	 effluxes	 excess	 copper	 into	 the	 phagosome	 that	 results	 in	
deleterious	 effects	 on	 microbial	 growth.	 Although	 the	 exact	 mechanism	 behind	
copper-mediated	killing	is	still	unresolved,	it	is	hypothesized	that	the	generation	of	





1.7.5 Copper homeostasis in Mycobacterium tuberculosis  







to	 the	 cell,	 and	 Mtb	 is	 acutely	 sensitive	 to	 copper	 compared	 to	 many	 other	
microorganisms	 (387).	 Interestingly,	 Mtb	 has	 a	 cytochrome	 bd	 oxidase,	 which	 is	
upregulated	 in	oxygen	 limited	environments.	This	cytochrome	bd	oxidase	can	also	
function	as	the	terminal	electron	acceptor	in	the	ETC.	However,	it	does	not	require	a	
copper	 cofactor,	 suggesting	 that	 Mtb	 is	 capable	 of	 changing	 to	 a	 copper	 free	
metabolism	when	 oxygen	 is	 limited	 as	 a	 possible	 means	 to	 protect	 the	 cell	 from	
copper	in	conditions	that	exacerbate	copper	toxicity	(388).	The	outer	membrane	of	
Mtb	functions	to	protect	the	cell	from	copper,	by	preventing	diffusion	of	copper	into	
the	 cell;	 instead,	 copper	 is	 transported	 through	 a	 designated	 porin,	 MspA	 (389).	
Despite	 these	additional	 levels	of	protection,	Mtb	 still	 requires	 copper	detoxifying	
mechanisms	 to	 survive	 the	 copper	 concentrations	 inside	 the	 phagosome.	 Mtb	
overcomes	 copper	 toxicity	 through	 two	 main	 mechanisms:	 i)	 through	 reducing	
copper	influx,	and	ii)	through	efflux	of	excess	copper	from	the	cytoplasm.		
Although	 considered	 a	 Gram-positive	 bacterium,	 Mtb	 has	 a	 protective	 outer	
membrane	 that	 is	 comprised	 of	 lipids	 and	 mycolic	 acids,	 and	 thus	 structurally	





Mtb	 encodes	 eleven	 P-type	 ATPases,	 three	 of	 which	 can	 secrete	 copper	 from	 the	
cytoplasm,	CtpA,	CtpB,	and	CtpV	(392);	however,	only	CtpV	and	putative	zinc	efflux	
pump,	CtpG,	 are	upregulated	 in	 response	 to	 copper	 (390).	 In	 the	 cytoplasm	 is	 the	
metallothionein	 MymT,	 the	 first	 characterized	 metallothionein	 in	 Gram-positive	
bacteria.	Mammalian	metallothioneins	 are	 cysteine-rich	 proteins,	 typically	30%	of	
their	amino	acid	residues,	that	allows	them	to	bind	to	roughly	7	divalent	ions	or	12	
monovalent	 ions,	making	 them	 efficient	 metal	 chelators.	 MymT	 is	 upregulated	 in	
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RicR	 is	 an	 additional	 copper-sensing	 regulator	 that	 regulates	 the	 ric	 regulon,	 that	
encodes	RicR	and	metallothionein	MymT	(393,	394).	
For	survival	in	vivo,	an	obvious	candidate	to	examine	was	inner	membrane	ATPase	
CtpV.	 Infecting	 mice	 with	 a	 ctpV	 mutant	 significantly	 decreased	 the	 severity	 of	
infection,	although	this	was	not	complementable	by	restoring	the	ctpV	gene	 in	the	
chromosome,	 leaving	 the	 exact	 contribution	 of	 CtpV	 to	Mtb	 virulence	 unresolved.	
Furthermore,	infection	of	the	ctpV	mutant	and	isogenic	WT	into	a	guinea	pig	model	of	
infection	showed	decreased	bacterial	counts	at	21	days	post	infection,	yet	no	other	
differences	were	 observed	 at	 later	 time-points	 (395).	 Overall,	 CtpV	 appears	 to	 be	
important	for	the	full	virulence	of	Mtb	in	the	early	stages	of	infection;	however,its	full	
contribution	to	virulence	is	not	delineated.		
Deletion	 of	 the	 metallothionein-encoding	 gene,	 mymT,	 showed	 increased	 copper	












1.7.6 Copper detoxification in Salmonella  
Like	many	other	Gram-negative	bacteria,	Salmonella	spp.	encodes	the	copper	efflux	
ATPase	CopA	that	secretes	copper	 ions.	CopA	expression	 is	 induced	by	copper	via	
CueR,	and	mutation	of	copA	in	S.	enterica	sv.	Typhimurium	showed	reduced	survival	
in	macrophages	 (396).	CueR/SctR	 is	 a	 transcriptional	regulator	 that	 controls	copA	
and	cueO	genes	in	response	to	copper	(397).	A	cueR	mutant	had	decreased	resistance	




the	cueO	mutation	only	appeared	 to	affect	 systemic	growth	and	did	not	affect	 the	




in	 the	 phagosome	 but	 is	 most	 likely	 due	 to	 host	 factors	 that	 S.	 enterica	 sv.	
Typhimurium	encounters	during	systemic	growth	in	the	host	(398).					
In	 vitro,	 a	 copA	 mutant	 had	 increased	 sensitivity	 to	 copper;	 however,	 ATPase-
transporter,	GolT,	which	primarily	 functions	as	a	gold	efflux	pump,	 is	 also	able	 to	
efflux	 copper	 in	 the	 absence	 of	 CopA,	 and	 thus	 compensates	 for	 copA-mutant	
phenotype	 in	 vivo	 (399).	 Therefore,	 it	 required	 deletion	 of	 both	 copA	 and	golT	 to	
observe	a	significant	attenuation	of	growth	in	a	murine	infection	model,	compared	to	
WT.	This	attenuation	was	due	to	copper,	as	the	growth	phenotype	of	the	copA,golT	
mutant	was	 restored	 to	WT	 levels	 in	Atp7aLysMcre	mice	 (382).	 This	 suggested	 that,	
unlike	 the	 cueO	 mutant,	 mutation	 of	 copA	 and	 golT	 hindered	 S.	 enterica	 sv.	
Typhimurium	growth	inside	the	macrophage.				
1.8 Copper homeostasis in S. aureus  
All	 sequenced	 S.	 aureus	 genomes	 contain	 the	 copAZ	 locus	which	 encodes	 CopA,	 a	











deplete	 conditions,	but	de-represses	copAZ	after	binding	 to	 cytoplasmic	 copper	 in	
copper	replete	conditions	(351,	366).	Like	all	characterized	CsoR	regulators,	 the	S.	
aureus	 CsoR	 lacks	 any	 canonical	 DNA	 regulatory	 motifs,	 but	 forms	 planar	 helical	
structures	comprised	of	dimers	or	tetramers.	Encoded	immediately	downstream	of	
csoR	is	a	210	bp	gene	of	unknown	function,	but	thought	to	be	a	copper	chaperone	due	
to	 the	 presence	 of	 an	 ~30	 amino	 acid	 heavy-metal-associated	 (HMA)	 domain,	






aureus	accessory	genome	 found	only	 in	 some	clinical	 isolates,	 is	 also	 regulated	by	
CsoR	 (402).	 The	 copBmco	 encodes	 another	 P1B-type	 ATPase,	 CopB,	 and	 other	
resistance	mechanisms	to	heavy	metals	arsenic	and	cadmium.	Disruption	of	CsoR	in	
S.	aureus	results	in	constitutive	expression	of	copA	and	copBmco,	even	in	low	copper	





















copper-induced	 stress	 response.	 Thus,	 further	 work	 is	 needed	 to	 understand	 the	
regulation	of	copper	detoxification	systems	in	S.	aureus.	
In	addition	to	CsoR,	there	is	another	regulator	that	indirectly	regulates	copAZ	called	
CymR.	 CymR	 functions	 as	 a	 repressor,	 and	 is	 the	 master	 regulator	 of	 cysteine	
metabolism.	 cymR	mutants	 have	 increased	 copAZ	 expression	 as	well	 as	 increased	
expression	of	superoxide	dismutases,	sodA	and	sodM.	CymR	does	not	bind	to	the	copA	












in	 virulence	 (405).	 Gene	 expression	 profiles	 of	 S.	 aureus	 grown	 in	 excess	 copper	
showed	that	copper	induced	the	expression	of	stress	response	genes,	such	as	catalase,	
and	 that	proteins	 in	 the	oxidative	 stress	 response	are	necessary	 for	growth	under	
copper-rich	environments.	Moreover,	copper	repressed	the	global	regulators	agr	and	
sae,	key	virulence	factors	in	S.	aureus,	suggesting	that	copper	toxicity	has	a	profound	
effect	 on	 the	 cell	 and	 that	 further	 investigation	 is	 necessary	 to	 understand	 the	
implications	of	copper	toxicity	during	infection	(406).				
1.9 Iron and copper in biology 
Iron	 and	 copper	 have	 similar	 biological	 functions	 and	 thus	 have	 considerable	




lipids,	 one	 of	 the	 most	 deleterious	 results	 of	 copper	 toxicity	 is	 the	 irreversible	
displacement	 of	 Fe	 in	 Fe-S	 clusters	 (407).	 Indeed,	 previous	work	 in	E.	 coli	 and	B.	
subtilis	demonstrated	that	the	primary	targets	 for	copper	toxicity	are	Fe-S	clusters	
(407–410).	 Fe-S	 clusters	 are	 essential	 cofactors	 for	many	 enzymes;	 these	 include	
enzymes	 involved	 in	amino	acid	biosynthesis,	where	 it	was	shown	in	E.	coli	that	a	
mutant	 defective	 in	 the	 major	 copper	 detoxification	 systems	 (copA,cueO,cusCFBA	
strain)	was	unable	to	grow	in	minimal	medium	in	the	presence	of	copper.	However,	
supplementation	of	the	minimal	medium	with	branched	chain	amino	acids	partially	
restored	 growth	 (407).	 Moreover,	 enzymes	 responsible	 for	 Fe-S	 biogenesis,	 IscA,	
IscU,	 and	 SufA,	 also	 rely	 on	 Fe-S	 clusters.	 Displacement	 of	 Fe	 by	 Cu	 not	 only	
dramatically	 alters	 the	 biochemistry	 of	 the	 Fe-S	 cofactor,	 abrogating	 enzymatic	















complexes	were	 detected	 by	mass	 spectrometry	 in	 urine	 samples	 from	mice	 and	
humans	 with	 urinary	 tract	 infections,	 infected	 with	 uropathogenic	 E.	 coli.	
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Furthermore,	 in	 copper-supplemented	 media,	 the	 Ybt-deficient	 strain	 had	
significantly	 greater	 sensitivity	 to	 copper	 compared	 to	 isogenic	 WT	 (412).	
Gentamicin-protection	assays	with	RAW264.7	murine	macrophages	showed	 that	a	




spectrometry	 on	 TBDT	 FyuA	 (ferric-Ybt	 uptake	 protein	 A),	 the	 outer	 membrane	
transporter	for	Ybt,	showed	that	FyuA	not	only	imports	Fe2+-Ybt,	but	also	recognizes	
Cu2+-Ybt	and	Ga3+-Ybt	(414).	Lastly,	 inside	the	periplasm,	copper	 is	 liberated	 from	
Cu2+-Ybt	most	 likely	 by	 reducing	 Cu2+	 to	 Cu+,	 allowing	 Ybt	 to	 be	 recycled	 and	 the	
liberated	copper	 to	be	used	elsewhere	 in	 the	cell,	 such	as	 for	TynA,	 a	periplasmic	
copper	amine	oxidase,	that	showed	enhanced	activity	with	the	presence	of	Cu2+-Ybt	
(415).	 These	 findings	 have	 profound	 implications	 in	 understanding	 siderophore-
mediated	metal	homeostasis	outside	of	the	canonical,	iron-centered	pathways.		
Work	 done	 in	 E.	 coli,	 Shewanella	 oneidensis,	 and	 Rhodopseudomonas	 palustris	
demonstrated	that	copper	and	iron	work	synergistically	to	kill	bacteria	during	anoxic	
growth.	S.	oneidensis	and	R.	palustris	were	chosen	for	this	study	as	they	can	tolerate	
millimolar	 concentrations	 of	 iron	with	 no	 obvious	 growth	 defect.	 However,	 when	
grown	 in	 environmentally	 relevant	 concentrations,	 the	 combination	 of	 iron	 and	
copper	caused	growth	inhibition,	greater	than	either	metal	alone.	The	reason	for	this	






later	 discovered	 that	 the	 uptake	 of	 iron	 requires	 copper	 (418).	 Studies	 in	 animal	
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models	 have	 demonstrated	 that	 copper	 deficiency	 leads	 to	 anemia,	 largely	 due	 to	
inactivation	of	copper-binding	ferrioxidase	ceruloplasmin	(419).		
Once	 iron	 passes	 the	 basolateral	 membrane	 and	 enters	 the	 circulating	 iron	 pool,	
ceruloplasmin	is	involved	in	reducing	ferrous	iron	to	ferric	iron	which	aids	in	iron	
loading	to	transferrin	and	ultimately	delivery	of	iron	to	cells	(297).	Furthermore,	in	
macrophages,	 ceruloplasmin	 induces	 the	 expression	 of	 ferroportin	 (Fpn),	 a	 cell	
membrane	 transporter	 that	 excretes	 ferrous	 iron	 from	 the	macrophage	 cytoplasm	
(420).	 Conversely,	 in	 persons	 with	 aceruloplasminemia	 (an	 autosomal	 recessive	
disorder	that	results	in	an	inability	to	produce	ceruloplasmin),	there	is	an	unusually	
high	concentration	of	 iron	stored	 in	the	tissues,	 leading	to	high	serum	ferritin	and	
mild	anemia	(421).	
1.10 Objective of this study 
During	infection,	the	host	controls	the	access	of	essential	metals	to	invading	microbes	
in	a	process	 termed	nutritional	 immunity.	The	 two	different	 transition	metals	 are	










behind	 this	 preference	 was	 unknown.	 A	 major	 contributor	 to	 S.	 aureus	 iron	
acquisition	is	the	use	of	high	affinity	iron	chelators,	termed	siderophores.	S.	aureus	
produces	 two	main	 siderophores,	 staphyloferrin	A	 (SA)	and	staphyloferrin	B	 (SB),	
both	of	which	have	been	 implicated	 in	virulence	 in	murine	 infection	models	 (169,	
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182).	 In	 chapter	 2,	 I	 examine	 the	 regulation	 of	 synthesis	 of	 SB.	 The	 biosynthetic	
operon	for	SB	synthesis,	the	sbn	operon,	encodes	nine	genes,	of	which	the	first	eight	
genes	 have	 been	 extensively	 characterized	 and	 encode	 biosynthetic	 enzymes	






known	was	 the	 function	of	 CopA	 and	CopZ	 in	 copper	 resistance,	where	 CopA	 is	 a	
copper-translocating	efflux	pump	and	CopZ	a	copper-binding	chaperone	(400).	The	
role	of	these	pathways	in	survival	in	the	host	have	previously	not	been	characterized.	
Furthermore,	 pandemic	 CA-MRSA	 strain	 USA300	 contains	 another	 putative	metal	













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2 A heme-responsive regulator controls synthesis of 
Staphyloferrin B in Staphylococcus aureus 
2.1 Introduction 
Staphylococcus	 aureus	 is	 a	 formidable	 human	pathogen	 capable	 of	 causing	 a	wide	
range	 of	 opportunistic	 infections	 including	 endocarditis,	 meningitis,	 and	
osteomyelitis,	and	is	currently	the	most	frequent	cause	of	bloodstream	infections	in	












(13).	 This	 well-characterized	 pathway	 involves	 a	 series	 of	 cell-wall	 anchored	
proteins,	 lipoproteins,	 membrane	 permeases,	 and	 cytosolic	 proteins	 that	 work	 in	
concert	to	bind	and	extract	heme	from	hemoglobin	at	the	cell	surface,	and	mobilize	
heme	through	the	thick	peptidoglycan	layer	and	through	the	membrane	and	into	the	







(9).	Through	use	of	 small	 iron-chelating	molecules,	 referred	 to	as	 siderophores,	S.	
aureus	is	capable	of	removing	iron	from	these	glycoproteins	and	delivering	it	to	the	
bacterial	cell	(10,	11).	There	are	two	predominant	classes	of	siderophore	synthesis	
pathways:	 non-ribosomal	 peptide	 synthetase	 (NRPS)-dependent	 and	 NRPS-
independent	siderophore	(NIS)	synthesis	(17).	NRPS	siderophore	synthesis	has	been	
well	 characterized	 for	 many	 siderophores,	 such	 as	 enterobactin	 (18).	 S.	 aureus	
produces	 two	 NIS,	 citrate-based	 siderophores,	 staphyloferrin	 A	 (SA)	 and	
staphyloferrin	 B	 (SB).	 As	 NIS	 siderophores,	 SA	 and	 SB	 are	 synthesized	 not	 in	 a	
stepwise	 fashion	 using	 large,	 multi-domain/modular	 proteins,	 but	 instead	
constructed	through	use	of	synthetase	enzymes	that	form	siderophores	by	sequential	
condensation	 reactions	 of	 alternating	 subunits	 of	 dicarboxylic	 acid	 with	 amino-
alcohols,	alcohols,	and	diamines	(19–22).	
The	biosynthetic	enzymes	and	efflux	protein	for	SA	are	encoded	within	the	sfa	(a.k.a.	





The	 9-gene	 sbn	 gene	 cluster	 encodes	 SB	 biosynthesis	 and	 efflux	 genes,	 and	 these	
genes	have	been	 implicated	 in	virulence	 in	both	the	mouse	bacteremic	and	the	rat	
infective	endocarditis	models	of	S.	aureus	infection	(25,	26).	SbnA	and	SbnB	perform	
the	 first	step	 in	SB	synthesis	with	the	 formation	of	 the	precursor	molecules	L-2,3-
diamino-propionic	 acid	 (L-Dap)	 and	 α-ketoglutarate	 (α-KG)	 from	 O-phospho-L-
serine	and	L-glutamate	(21),	while	SbnG	acts	as	a	citrate	synthase	to	convert	acetyl-













sequence	 referred	 to	 as	 the	 Fur	 box,	 located	 in	 the	 promoter	 region	 of	 regulated	
genes.	Fur	bound	to	the	Fur	box	results	in	limited	transcription	of	downstream	genes	
(29,	30).		
In	 the	 absence	 of	 Fur	 repression	 during	 growth	 in	 iron-starved	 conditions,	 some	
bacteria	adopt	additional	regulatory	mechanisms	for	fine-tuning	gene	expression	of	
iron-regulated	 genes.	 In	 Ralstonia	 solanacearum,	 a	 soil-borne	 pathogen	 that	 also	
utilizes	 staphyloferrin	 B	 for	 iron	 acquisition,	 the	 synthesis	 of	 SB	 is	 negatively	
regulated	by	Fur	in	high	iron	concentrations	and	is	also	negatively	regulated	in	low	
iron	 concentrations	 by	 PhcA	 (31).	 PhcA	 is	 an	 environmentally	 responsive	
transcription	 factor	 that	 responds	 to	 the	 presence	 of	 the	 autoinducer	 3-
hydroxypalmitic	acid	methyl	ester,	a	molecule	produced	as	a	result	of	quorum	sensing	
(31,	32).	Thus	PhcA	is	able	to	afford	R.	solanacearum	an	additional	level	of	control	for	







decreased	 transcript	 levels	 for	 genes	 sbnDEFGH	 in	 the	 mutant.	 Electrophoretic	
mobility	 shift	 assays	 demonstrated	 that	 SbnI	 binds	 DNA	 upstream	 of	 a	 newly	
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2.2 Experimental procedures 
2.2.1 Bacterial strains, plasmids, and growth media 
All	bacterial	strains	and	plasmids	used	in	this	study	are	listed	and	described	in	Table	
2-1.	 Strains	 were	 stored	 in	 15%	 glycerol	 stocks	 at	 -80℃	 and,	 prior	 to	 use,	 were	
streaked	onto	tryptic	soy	broth	(TSB)	(Difco)	agar	plates	containing	the	appropriate	
antibiotic.	Solid	media	were	prepared	with	addition	of	1.5%	w/v	Bacto	agar	(Difco).	
Concentrations	 of	 antibiotics	 used	 were	 as	 follows:	 50	 μg/mL	 kanamycin	 and	
100	μg/mL	ampicillin	 for	Escherichia	coli	 selection,	4	μg/mL	tetracycline,	5	μg/mL	
chloramphenicol,	 and	 3	 μg/mL	 erythromycin	 for	 S.	 aureus	 selection.	 E.	 coli	were	
grown	 in	 Luria	 Broth	 (Difco)	 and	 S.	 aureus	 strains	 were	 grown	 in	 TSB,	 or	 either	
chelex-100-treated	 Tris	 minimal	 succinate	 (cTMS)	 or	 Roswell	 Park	 Memorial	
Institute	(RPMI)	(Gibco)	medium	for	growth	under	iron	restriction.	All	solutions	and	













































































































































Abbreviations:	 ApR	 –	 ampicillin	 resistance;	 CmR	 –	 chloramphenicol	 resistance;	 EryR	 –	
erythromycin	resistance;	KmR	–	kanamycin	resistance;	TetR	–	tetracycline	resistance	
 
2.2.2 Bacterial growth curves 
Bacteria	were	cultured	on	TSB	agar,	then	several	single	isolated	colonies	were	picked	
and	 inoculated	 into	 2	 mL	 cTMS	 (flask:volume	 ratio	 of	 10:1)	 and	 grown	 for	
approximately	8	h	at	37℃	with	shaking	at	220	rpm.	The	bacteria	were	then	harvested,	






2.2.3 Western Blotting 
Bacteria	were	cultured	on	TSB	agar,	then	several	single	isolated	colonies	were	picked	
and	 inoculated	 into	 2	 mL	 cTMS	 (flask:volume	 ratio	 of	 10:1)	 and	 grown	 for	
approximately	8	h	at	37℃	with	shaking	at	220	rpm.	The	bacteria	were	then	harvested,	




NaCl,	10	mM	EDTA,	pH	8.0,	5	μg	 lysostaphin,	1´	 Laemmli	buffer	 (60	mM	Tris-HCl,	
pH	6.8,	2%	SDS,	10%	glycerol,	5%	betamercaptoethanol,	0.01%	bromophenol	blue))	
and	incubated	at	37℃	for	1	h	then	boiled	for	10	min	before	being	run	through	a	12%	








2.2.4 RNA isolation and qPCR 
S.	aureus	RN6390	and	H984	(RN6390	sbnI)	were	grown	in	quadruplicate	cultures	in	
2	mL	chelexed	Tris	minimal	succinate	(cTMS)	medium	for	8	h.	Cultures	were	then	







was	 determined	 by	 NanoDrop®	 ND-1000	 UV-Vis	 Spectrophotometer.	 cDNA	
preparation	was	performed	using	500	ng	of	 total	cellular	RNA	reverse-transcribed	
using	SuperscriptTM	II	reverse	transcriptase	(Invitrogen)	according	to	manufacturer’s	
















2.2.6 Identification of promoters 
Four	DNA	fragments,	spanning	the	sbn	operon	from	sbnA	to	sbnE,	were	cloned	into	
the	 promoterless	 shuttle	 vector	 pGylux	 (36):	 fragment	 A	 of	 1479	 bp	 (pCM326),	
fragment	B	of	2322	bp	(pCM328),	fragment	C	of	2389	bp	(pCM330)	and	fragment	D	
(pCM332)	 of	 2395	 bp.	 To	 measure	 luciferase	 activity,	 individual	 colonies	 from	 S.	
aureus	 carrying	 these	 plasmids	were	 inoculated	 into	 TMS	medium	 and	 incubated	
overnight	 at	 37°C.	 Cells	were	 subsequently	 inoculated	 into	 cTMS	with	 or	without	





2.2.7 Identification of a transcription start site 








Diagnostics)	 and	 0.5	 mM	 dCTP	 as	 recommended	 by	 the	 supplier.	 The	 first	 PCR	
reaction	was	performed	using	the	universal	anchor	primer	(UAP,	Invitrogen)	that	will	
anneal	 to	 the	 C-tailed	 cDNA	 and	 an	 sbnC	 specific	 primer	 GSP2.	 The	 second	 PCR	
(177bp)	was	performed	using	the	first	PCR	as	a	template,	a	primer	that	will	anneal	to	




2.2.8 Protein expression and purification  
Recombinant	SbnI	protein	was	overexpressed	and	purified	essentially	as	previously	
described	 (37).	 In	 brief,	 cells	were	 grown	 to	mid-log	 phase	 at	 37℃	with	 aeration	
before	 the	 addition	 0.4	mM	 isopropyl-b-D-thiogalactopyranoside	 (IPTG);	 the	 cells	
were	then	grown	for	an	additional	16	h	at	room	temperature	with	shaking	before	







with	0.45	μM	nylon	 filter	 (VWR)	and	 then	applied	 to	a	1	mL	HisTrap	column	 (GE	




PAGE.	 Protein	 concentrations	were	 determined	 through	Bradford	 assay	 using	 the	
Bio-Rad	Protein	Assay	Dye	(Bradford)	Reagent	Concentrate	(5´),	samples	were	read	
at	 absorbance	 OD595;	 a	 standard	 curve	 was	 made	 for	 each	 concentration	
determination	with	1	mg/mL	BSA.		
Site-directed	mutagenesis	of	SbnI	was	performed	using	Pfu	Turbo®	polymerase	and	
the	 pET28a::SbnI	 vector	 as	 a	 template.	 The	 PCR	products	were	 immediately	DpnI	
(Roche)	 treated	 for	 45	min	 to	 degrade	 template	 DNA,	 and	 introduced	 into	E.	 coli	
DH5α.	Mutations	were	 confirmed	by	 sequencing	at	 the	Robarts	Research	 Institute	
DNA	Sequencing	Facility	(London,	Ontario).	Protein	purification	of	the	mutated-SbnI	
was	performed	as	described	above.		
2.2.9 Oligomerization analysis 
Size	 exclusion	 chromatography	 was	 performed	 using	 a	 Superdex	 200	 10/30	 GL	
column	 (Amersham)	 coupled	 to	 a	 FPLC	 system	 (Pharmacia).	 The	 column	 was	
equilibrated	 with	 300	 mM	 ammonium	 formate	 buffer,	 pH	 7.4.	 SbnI	 samples,	 in	
300	mM	ammonium	formate,	were	run	in	500	μL	injected	into	the	column	and	eluted	
at	a	flow	rate	of	200	μL/min.	Protein	elution	was	measured	at	280	nm.	The	column	
was	 calibrated	 with	 blue	 dextran	 (void	 volume),	 b-amylase	 from	 sweet	 potato	





in	 the	 reducing	 agent,	 buffer	 also	 contained	 10	mM	DTT	 added	 post-dialysis.	 The	
dialysis	buffer	was	 retained	 for	use	 in	 the	 reference	 sector	 for	all	 runs.	Analytical	
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ultracentrifugation	 was	 carried	 out	 in	 a	 Beckman	 XL-A	 Analytical	 Ultracentrifuge	
with	 a	 four-hole	 An-60Ti	 rotor and	 double-sector	 cells	 with	 Epon	 charcoal	
centerpieces.	 Centrifugation	 was	 carried	 out	 at	 5℃.	 A	 total	 of	 60	 absorbance	
measurements	were	taken	at	280	nm	at	5	min	intervals	at	0.002	cm	radial	steps,	and	
averaged	over	3	readings.	The	rotor	speeds	were	35,000	rpm	for	SbnI	in	100	mM	NaCl	
and	 45,000	 rpm	 for	 SbnI	 in	 20	 mM	 DTT.	 Data	 were	 analyzed	 using	 non-linear	
regression	in	Sedfit	software	and	fit	to	a	c(s)	distribution,	to	determine	sedimentation	
coefficients	 corrected	 to	20°C	and	 in	H2O.	All	data	were	 fit	 to	a	 root-mean-square	
deviation	(r.m.s.d.)	equal	or	less	than	0.007.		
2.2.10 DNA-binding assays 
Electrophoretic	mobility	shift	assays	(EMSA)	were	performed	with	purified	SbnI	and	
double	stranded,	fluorescently-labeled,	DNA.	The	DNA	probe	was	amplified	through	
PCR	 with	 IRDye®	 700-labeled	 custom	 primers	 purchased	 from	 Integrated	 DNA	









2.2.11 Heme titrations  
















spectra	 were	 recorded	 using	 Cary	 50	 Bio	 UV-visible	 spectrophotometer	 with	
background	 correction	 for	 buffer	 and	 for	 each	 heme	 concentration.	 Triplicate	
samples	were	recorded.				
Magnetic	circular	dichroism	measurements	were	taken	with	10	μM	SbnI	prepared	in	
300	 mM	 ammonium	 formate,	 10	 mM	 DTT,	 pH	 7.4.	 Measurements	 at	 room	
temperature	were	made	 in	 1-cm	 cuvettes	 at	 5.5	 T	 in	 an	Oxford	 Instruments	 SM2	
superconducting	 magnet,	 aligned	 in	 a	 Jasco	 J810	 CD	 instrument.	 The	 MCD	 were	
calculated	as	2	´	MCD(+)	minus	the	apo	signal	(CD	correction).	Peak	absorbance	was	
always	near	400	nm.		
ESI-MS	 was	 performed	 by	 using	 50	 μM	 of	 recombinant	 SbnI,	 stored	 in	 300	mM	
ammonium	formate	and	10	mM	DTT,	pH	7.4,	titrated	with	molar	equivalents	of	heme.	
Heme,	for	both	the	MCD	and	ESI-MS	measurements,	was	prepared	in	a	1	mM	stock	by	




set	 for	 500-4000	 m/z,	 and	 the	 spectra	 were	 collected	 for	 minimally	 1	 min	 and	




2.2.12 Generation of an arcA mutant 
The	arcA	mutants	were	generated	by	transducing	the	arcA::ΦΝΕ	insertion	mutation	
from	 the	Nebraska	 transposon	 library,	 into	Heinrichs	 laboratory	RN6390	WT	 and	
sbnI	strains	using	bacteriophage	Φ80α		(Table	2-1)	(36,	37).	Colonies	were	selected	
by	 plating	on	TSA	 containing	 erythromycin.	 The	mutation	was	 confirmed	 through	
PCR	with	primers	specific	to	regions	outside	the	transposon	site.			













1),	 is	 conserved	 in	 S.	 aureus	 strains,	 along	 with	 the	 rest	 of	 the	 sbn	 operon.	 This	
suggests	 it	may	play	an	 important	 role	 in	SB	biosynthesis.	 Searches	of	 the	protein	
databases	revealed	that	the	protein	shared	limited	sequence	similarity	with	the	DNA	
partitioning	proteins	ParB	and	Spo0J.		
To	assess	 the	 functional	role,	 if	any,	of	SbnI	 in	SB	synthesis,	 I	knocked	out	sbnI	by	
insertion	of	a	tetracycline-resistance	cassette	into	the	middle	of	the	gene.	As	part	of	
























expression	 of	 the	 genes	 within	 the	 operon	 is	 regulated	 by	 iron	 concentrations.	
Quantitative	 real-time	 PCR	 (qPCR)	 was	 used	 to	 confirm	 that	 expression	 of	 the	
predicted	terminal	gene	of	the	operon,	sbnI,	is	similarly	regulated	by	iron	levels	(Fig.	
2-2A).	Western	blot	analysis,	using	a-SbnI	antisera,	corroborated	the	qPCR	findings,	
demonstrating	 that	 SbnI	 protein	 expression	 was	 controlled	 by	 iron	 (Fig.	 2-2B).	
Western	blots	also	confirmed	that	the	sbnI	insertion	mutant	(H984)	lacked	detectable	
expression	of	SbnI	(Fig.	2-2B).		
With	 the	 confirmed	 sbnI::Tet	mutant	strain,	H984,	 growth	kinetics	were	 recorded,	
comparing	 the	 relative	 growth	 of	 the	WT,	 H984,	 H984	 +	 psbnI,	 and	 the	Δsbn	 (i.e.	
complete	 operon	 knockout)	 strains	 grown	 in	RPMI,	 an	 iron-restricted,	 chemically	
defined	medium.	In	this	medium,	and	in	comparison	to	the	WT	and	complemented	
strains,	H984	had	a	severe	growth	defect,	similar	to	the	growth	defect	observed	for	
strain	 H1342,	 the	 Δsbn	 strain	 (Fig.	 2-3).	 Since	 previous	 work	 has	 shown	 that	
production	of	SA	 is	repressed	 in	RPMI	(28),	 these	results	suggested	that	SbnI	was	
critical	for	SB-mediated	iron	acquisition.	
Since	 WT	 S.	 aureus	 strains	 have	 the	 ability	 to	 produce	 both	 SA	 and	 SB	 under	
conditions	 of	 iron	 starvation,	 and	 since	 their	 activity	 can	 be	 readily	 detected	 in	
bioassay	experiments	 (20,	21,	27,	28),	 a	disc	diffusion	bioassay	was	performed	 to	
examine	SB	production	in	RN6390	(WT),	H984,	and	the	complemented	strain	(H984	
+	 psbnI).	 For	 these	 experiments,	 bacteria	were	 grown	 in	 cTMS	medium	which,	 as	
opposed	to	RPMI,	does	not	result	in	inhibition	of	SA	or	SB.	As	shown	in	Figure	2-4,	in	
this	medium	the	growth	was	comparable	among	the	three	strains	tested,	throughout	










Fig.	 2-2.	 Expression	 of	 sbnI	 is	 regulated	 by	 iron.	 A.	 qPCR	data	 showing	 significant	
increase	 in	 gene	 expression	 of	 sbnA	and	 sbnI	 in	WT	RN6390	when	 grown	 in	 iron	
restricted	medium	versus	iron-replete	medium	(*P	<	0.01).	All	strains	were	grown	in	
cTMS	with	(+Fe,	solid	bars)	or	without	(-Fe,	clear	bars)	50	μM	FeCl3.	Gene	expression	
of	 strains	 grown	 in	 iron	 replete	 is	 used	 as	 comparator	 and	 is	 arbitrarily	 set	 to	 1.	
Statistics	were	performed	using	Students	unpaired	t-test.	B.	Western	blot	with	a-SbnI	
antisera	demonstrating	iron-regulated	control	of	SbnI.	WT	RN6390	cells	were	grown	
in	 cTMS	medium	with	 (+Fe)	or	without	 (-Fe)	addition	of	50	μM	FeCl3	 (left	panel).	





































particularly	at	 early	 time	points,	 and	 that	 the	 absence	of	 SbnI	does	not	hinder	SA	
production,	but	rather	may	result	in	increased	production	of	SA.	
2.3.2 Expression of the SB biosynthetic and efflux genes requires SbnI 
In	accordance	with	the	idea	that	SbnI	affected	synthesis	of	SB,	despite	having	no	clear	
enzymatic	 function	 in	 the	 biosynthetic	 pathway	 (20,	 21,	 27),	 and	 given	 that	 SbnI	






2.3.3 Identification of an internal promoter in the sbn operon 
Since	 SbnI	 had	 a	 drastic	 effect	 on	 the	 expression	 of	 genes	 downstream	 of	 sbnC,	 I	
theorized	that	SbnI	may	be	regulating	expression	of	genes	downstream	of	sbnC	by	
regulating	 the	 activity	 of	 a	 promoter	 internal	 to	 the	 operon.	 In	 an	 attempt	 to	











RN6390	 and	 its	 sbnI::Tet	 derivative	 were	 grown	 in	 cTMS	 with	 0.1	 μM	 EDDHA,	 a	
medium	in	which	growth	was	comparable	between	the	two	strains.	qPCR	was	used	











was	 measured.	 Activity	 was	 expressed	 at	 cps/OD600.	 Statistical	 analyses	 were	
performed	for	each	respective	fragment,	comparing	the	luciferase	activity	of	either	
the	sbnI	strain	without	iron	(sbnI	-	Fe)	to	WT	without	iron	(WT-Fe),	or	WT	with	iron	
(WT+Fe)	 to	WT	without	 iron	 (WT-Fe).	 Statistics	were	 performed	 using	 Student's	
unpaired	 t-test;	 *P	 <	 0.01,	 ns	 =	 not	 significant.	 B.	 Identification	 of	 initiation	 of	
transcription.	Using	the	5'RACE	method	A81175	(based	on	S.	aureus	Newman	genome	
sequence)	was	identified	as	the	+1	site,	and	is	located	625-bp	downstream	of	the	sbnC	

















(Fig.	 2-6A).	 In	 addition	 to	 DNA	 fragment	 A	 carrying	 the	 sbnA	 promoter	 region,	 I	
observed	that	DNA	fragment	C	also	had	fairly	strong	promoter	activity	that	was	also	
significantly	 (P<0.01)	 regulated	 by	 iron	 concentrations	 in	 the	 growth	 medium.	
Moreover,	this	activity	was	abrogated	in	H984,	indicating	that	it	was	SbnI-dependent.	
This	 phenotype	 was	 complemented	 in	 the	 H984	 carrying	 sbnI	 in	 trans	 (data	 not	
shown).			
Rapid	Amplification	of	cDNA	Ends	(RACE)	was	performed	for	fragment	C	in	order	to	
elucidate	 the	 transcription	 start	 site	present	within	 the	 fragment.	The	experiment	
was	repeated	on	multiple	biological	samples	for	robustness,	and	demonstrated	the	
presence	of	a	confirmed	transcription	start	site	at	position	A82356	(based	on	genome	
S.	 aureus	Newman),	which	 is	 located	 772	 bp	downstream	of	 the	 start	of	 the	 sbnC	
coding	region	(Fig.	2-6B).	




oligomers,	 I	 investigated	 for	 this	property.	His6-tagged	SbnI	was	purified	by	metal	
affinity	chromatography	(Fig.	2-7A)	and	used	to	evaluate	the	oligomerization	status	









His6-SbnI.	 Various	 samples	 during	 the	 purification	 process	 are	 run	 through	 a	
polyacrylamide	 gel,	 starting	 with	 pre-column	 (load),	 flowthrough	 (flow),	 wash	
fraction	(wash),	and	elution	fractions	1-4.	The	identity	of	the	three	bands	labeled	with	
an	asterisk	was	confirmed	as	SbnI	using	MALDI.	B.	Size	exclusion	chromatography	of	
SbnI.	 Chromatogram	 represents	 size-exclusion	 data	 of	 SbnI	 run	 in	 300	 mM	
ammonium	formate,	pH	7.4,	at	flow	rate	of	0.2	mL/min	across	Superdex	200	FPLC	
column.	Elution	volumes	of	known	protein	standards	are	shown	at	the	top	and	are	



























Electrophoretic	mobility	 shift	 assays	 (EMSAs)	were	 performed	with	 purified	His6-
SbnI,	 in	 non-reducing	 conditions	 so	 as	 to	 promote	 oligomerization	of	 the	 protein.	
Based	on	luciferase	assay	and	RACE	data	suggesting	an	internal	promoter	in	the	sbnC	
region,	I	sought	to	find	a	DNA	fragment	upstream	of	sbnD	that	could	be	bound	by	SbnI.	










2.3.5 SbnI binds heme 
The	Iron	response	regulator	(Irr)	protein	of	Bradyrhizobium	spp.	is	a	DNA-binding,	
transcription	 factor	 regulating	 gene	 expression.	 The	 protein	 binds	 heme	 which	
results	in	substantially	decreased	affinity	for	DNA	(41,	42).	This	interaction	is	aided	











Fig.	2-8.	 Identification	of	 a	DNA	binding	 site	 for	SbnI.	A.	 Schematic	 identifying	 the	
location	of	a	271-bp	DNA	fragment	that	was	used	for	the	EMSA	experiment	illustrated	











Fig.	 2-9.	 SbnI	 binds	 heme.	 A.	 UV-Visible	 difference	 absorbance	 spectra	 recorded	
following	 addition	of	 increasing	 concentrations	 of	 heme	 to	 1	 μM	 SbnI	 in	 300	mM	
ammonium	formate,	pH	7.4.		The	absorption	spectra	were	measured	at	22℃.	The	shift	
in	 spectral	maxima	coincident	with	 the	absorption	 spectrum	of	 the	protein-bound	
heme	 with	 increasing	 heme	 concentrations	 is	 indicated	 by	 the	 arrows.	 The	
concentration	of	the	heme	at	the	end	of	the	titration	was	1.6	μM,	at	which	the	increase	
in	soret	peak	is	due	to	non-specific	heme	stacking,	as	SbnI	optimally	binds	heme	at	a	
1:1	 molar	 ratio	 heme:SbnI,	 as	 indicated	 by	 ESI-MS	 data	 shown	 in	 panel	 B.	 B.	
Deconvoluted	 electrospray	 ionization	 mass	 spectral	 data	 of	 SbnI	 in	 300	 mM	



































2.3.7 SbnI bound to heme is primarily monomeric 
Most	DNA-binding	proteins	require	the	proper	tertiary	structure	for	interaction	with	
nucleic	acids.	Therefore,	as	heme	abrogated	the	ability	of	SbnI	to	interact	with	DNA,	I	












MCD	 indicates	 6	 coordinate	 low-spin	 ferric	with	 a	 histidine	 (His)	 in	 the	 proximal	
position	 and	 amine	 (from	 the	 buffer	 or	 from	 ammonia	 used	 to	 dissolve	 heme)	
occupying	the	6th	position.	B.	UV-Vis	absorbance	spectra	recorded	upon	titration	of	1	
μM	 mutated-SbnI	 (SbnI	 containing	 alanine	 to	 histidine	 mutations	 in	 the	 putative	



































2.3.8 Extracellular heme controls SB synthesis 
Although	previous	studies	have	demonstrated	that	S.	aureus	preferentially	uses	heme	
as	an	 iron	 source	 (12),	no	 studies	have	yet	 investigated	 the	effect	of	heme	on	 the	
synthesis	 of	 siderophores.	 Moreover,	 data	 showing	 that	 SbnI	 is	 required	 for	 SB	





heme	 (WT	 +	 heme).	 As	 previously	 described	 in	 section	 2.3.1,	 the	 spent	 culture	
supernatants	were	spotted	onto	cTMS	agar	seeded	with	either	sir	or	hts	mutants	to	
examine	 for	 the	presence	of	SA	or	SB,	respectively.	As	shown	in	Figure	2-13A,	 the	
relative	amounts	of	SA	were	comparable	between	supernatants	from	cultures	grown	
in	equivalent	concentrations	of	FeCl3	versus	heme.	However,	in	agreement	with	the	
results	 described	 above,	 spent	 supernatants	 from	 cultures	 grown	 in	heme,	 versus	
FeCl3,	showed	decreased	amounts	of	SB	during	the	early	stages	of	growth,	until	at	
least	 the	 16	 h	 time-point,	 a	 point	 at	which	 that	 cultures	were	 entering	 stationary	
phase.	As	opposed	to	the	global	suppressive	ability	of	iron	on	iron-regulated	genes,	in	
a	 Fur-dependent	 fashion,	 results	 indicate	 that	 heme	 specifically	 suppresses	 the	
synthesis	 of	 SB.	 I	 suggest	 that	 this	 regulation	 functions	 through	 heme's	 ability	 to	
































2.3.9 SbnI regulates genes outside of the sbn operon 
RNAseq	was	performed	on	 the	H984	 (sbnI	mutant)	 to	determine	 if	 SbnI	regulated	
genes	 outside	 of	 the	 sbn	 operon.	 Unexpectedly,	 comparing	 the	 genome-wide	





and	downstream	genes	 in	 the	arc	operon,	 in	H984	strain.	As	an	alternative	energy	
source,	 S.	 aureus	 is	 able	 to	 transport	 and	 metabolize	 arginine	 through	 proteins	
encoded	on	the	arc	operon	(44,	45).	The	arc	operon	contains	five	genes	in	total,	arcA,	
arcB,	arcD,	arcC,	and	arcR.	ArcA,	ArcB,	and	ArcC	are	catabolic	enzymes,	that	convert	







sbnA	mutant,	 a	 strain	 that	would	 still	 express	 sbnI	 but	 does	 not	 produce	 SB.	Data	
revealed	that	arcA	was	also	upregulated	in	an	sbnA	mutant	(Fig.	2-14C),	suggesting	
that	arc	is	regulated	in	response	to	SB.	arcA,	however,	is	not	regulated	in	response	to	













+	 pSbnI)	 restores	 expression	 of	 arcA.	 C.	 Upregulation	 of	 arcA,	 in	 H984	 and	 sbnA	
mutants	 suggests	 that	 regulation	 is	 in	 response	 to	 SB	 deficiency.	 D.	 arcA	 gene	
expression	is	not	altered	in	the	presence	of	FeCl2.	A-C.	All	strains	were	grown	in	cTMS	
to	mid-exponential	phase,	and	grew	similarly.	Gene	expression	of	WT	was	arbitrarily	
set	 to	 one	 and	 gene	 expression	 of	 the	 mutants	 was	 in	 relation	 to	 WT.	 D.	 Gene	
expression	of	WT	+	Fe	was	set	to	one	and	expression	of	WT-Fe	was	in	relation	to	WT	




2.3.10 arc operon is not involved in SA synthesis 
As	mentioned,	a	byproduct	of	arginine	catabolism	is	ornithine,	which	is	an	essential	
substrate	 for	 the	biosynthesis	of	 staphyloferrin	A.	Therefore,	 I	postulated	 that	 the	
upregulation	of	 the	arc	pathway	 in	a	SB-deficient	 strain,	 could	be	a	 compensatory	








only	 SB	 for	 growth.	 Growth	 of	 the	 reporter	 strains	 indicated	 the	 presence	 of	 the	
siderophore	in	the	supernatant.	





2.3.11 Arginine catabolism does not confer sbnI mutant with a growth advantage  
To	observe	phenotypic	differences	between	the	arc	mutant	and	WT,	I	grew	the	arcA	
mutant	 microaerobically	 in	 nutrient-rich	 medium	 (TSB),	 supplemented	 with	 high	
concentrations	 of	 arginine	 (50	 mM).	 These	 were	 conditions	 previously	 shown	 to	



















mutant	 underwent	 acidification,	 dropping	 from	 pH	 7.4	 to	 pH	 6.0,	 whereas	 the	
medium	of	the	WT	and	H984	strains	did	not	change	in	pH	(Fig.	2-16A).	This	result	
suggested	that	arc	plays	an	important	role	in	alkalization	of	the	media	during	growth,	





2.3.12 sbnI mutant has increased sensitivity to oxidative stress 
As	the	overexpression	of	arc	did	not	enhance	the	synthesis	of	SA,	nor	confer	a	growth	
advantage	to	H984	in	low	pH,	microaerobic	conditions,	I	tested	if	arginine	catabolism,	





H984	displayed	 a	 notable	 sensitivity	 to	MV	 compared	 to	WT;	 this	 phenotype	was	
complementable	 by	 expressing	 sbnI	 in	 trans	 (Fig.	 2-17A).	 The	 arcA	mutant	 had	 a	
similar	survival	to	that	of	WT	(Fig.	2-17A).		
Previous	work	has	demonstrated	that	manganese	chloride	(MnCl2)	is	able	to	detoxify	











Fig.	 2-16.	 arcA	 mutant	 has	 a	 severe	 growth	 defect	 in	 TSB,	 but	 not	 in	 cTMS,	
supplemented	with	arginine	and	grown	in	micro-aerobic	conditions.	A,B.	Strains	were	


























multiple	 iron	acquisition	 strategies,	 all	 regulated	at	 a	minimum	by	Fur,	 additional	
mechanisms	 are	 likely	 to	 exist	 for	 fine-tuning	 of	 the	 response	 of	 S.	 aureus	 to	 the	
availability	 of	 different	 iron	 chelates	 during	 iron	 starvation	 conditions.	 This	 is	
especially	true	in	light	of	previous	work	demonstrating	that	S.	aureus	prefers	to	utilize	
heme	as	an	iron	source	(12).	The	identification	of	SbnI	as	a	transcriptional	regulator	
of	 sbn	 operon	expression,	 in	 response	 to	heme,	 is	 the	 first	 such	 identification	of	 a	
molecular	mechanism	underpinning	a	manner	by	which	S.	aureus	 'senses'	heme	to	






















function,	 and	 I	 am	 currently	 investigating	 the	 possibility	 that	 SB	 intermediates,	
including	L-Dap,	work	as	co-regulators	by	binding	with	SbnI.	
This	is	the	first	study	to	investigate	the	importance	of	SbnI	in	siderophore	synthesis	
and	the	data	clearly	 implicate	a	role	 for	SbnI	 in	 transcription	control	 from	regions	






forming	 regulatory	 complexes	 that	 control	 transcription.	 These,	 along	 with	 the	
identification	 of	 exact	 nucleotide	 binding	 sequences	 for	 SbnI,	 are	 priorities	 for	
ongoing	studies.	





























SB-mediated	 iron	 uptake	 to	 heme-mediated	 iron	 uptake.	 In	 support	 of	 this	
hypothesis,	I	was	able	to	demonstrate	that	providing	extracellular	heme	to	S.	aureus	
resulted	in	a	decrease	in	SB	production,	but	not	SA	production.	Although	I	favor	the	
hypothesis	 that	 this	 effect	 is	 mediated	 through	 SbnI,	 the	 data	 cannot	 as	 of	 yet	
conclusively	support	this	contention.	When	provided	exogenous	heme,	it	is	difficult	
to	determine	how	much	of	 the	heme	is	 taken	 in	to	 the	cell	and	remains	 intact	and	
capable	of	binding	to	proteins	like	SbnI.	Moreover,	it	is	as	yet	unknown	the	role	that	
intracellular	 heme	 biosynthesis	 plays	 in	 regulating	 metabolic	 processes	 such	 as	
siderophore	biosynthesis.	Ultimately,	the	ability	to	sense	intracellular	heme	may	be	a	
mechanism	 whereby	 S.	 aureus	 conserves	 energy	 by	 not	 utilizing	 siderophore-
mediated	 iron	 uptake	 unnecessarily	when	 heme	 can	 be	 used	 as	 the	 primary	 iron	















species:	 protochelin	 and	 azotochelin	 of	 Azotobacter	 vinelandii,	 salmochelin	 in	
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Salmonella	 enterica	sv.	Typhimurium,	and	enterobactin	 in	E.	coli,	 aid	 in	 resistance	
against	 oxidative	 stress	 by	 chelating	 extracellular,	 and	 more	 importantly,	
intracellular	iron	(54,	55).		











and	 in	 the	 absence	 of	 SB,	 other	 responses,	 like	 arginine	 catabolism,	 may	 be	
upregulated.	Arginine	catabolic	enzymes,	encoded	on	the	arc	operon,	may	be	induced	
to	 increase	 the	 production	 of	 ammonia	 that	 neutralizes	 ROS,	 as	 perhaps	 a	
compensatory	mechanism	when	SB	is	not	present	(45).	Further	work	is	required	to	
fully	understand	the	mechanism	behind	SB-mediated	resistance	to	oxidative	burst.	
This	 finding	 has	 overall	 importance	 in	 the	 context	 of	 intracellular	 survival,	where	
oxidative	burst	by	neutrophils	 and	other	 innate	 immune	cells	offers	a	 challenging	
growth	obstacle.	Thus,	future	work	in	this	area	would	be	to	examine	the	survival	of	



















































































































































































































































transition	metals,	copper	 is	 toxic	 to	biological	systems	at	high	concentrations	as	 it	
readily	accepts	and	donates	electrons	in	the	transition	from	cuprous	(Cu+)	to	cupric	
(Cu2+)	states.	This	reactivity	results	in	membrane	damage,	intracellular	formation	of	








pathogen-containing	 phagosomes	 (7–9).	 Following	 macrophage	 phagocytosis,	
interferon-g	 (IFN-g)	 induces	 the	 expression	 of	 the	 Cu+	 importer	 copper	 transport	
protein	receptor	1	(CTR1),	which	transports	copper	from	the	extracellular	milieu	into	
the	macrophage	cytoplasm.	Inside	the	macrophage,	Cu+	is	picked	up	by	the	copper	
chaperone	 ATOX1,	 where	 it	 is	 brought	 to	 the	 ATPase	 copper	 efflux	 transporter,	
ATP7A,	 located	 on	 the	 phagosomal	membrane.	 ATP7A	 then	 effluxes	 Cu+	 into	 the	
bacteria-containing	phagosome	where	it	exerts	bactericidal	effects	(7,	10).		
To	combat	this	process,	many	pathogens	have	developed	sophisticated	mechanisms	
to	 avoid	 copper	 intoxication.	 Previously	 shown	 during	 growth	 in	 the	 phagosome,	
Escherichia	coli,	Mycobacterium	spp.,	and	Salmonella	enterica	sv.	Typhimurium	rely	
on	 copper-responsive	 ATPase	 efflux	 pumps,	 in	 concert	 with	 copper-binding	
chaperones,	 to	pump	excess	 intracellular	 copper	outside	of	 the	 cell	 (7,	9,	11).	The	
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type	 ATPase,	 and	 CopZ,	 a	 cytoplasmic,	 copper-binding	 chaperone	 (13;	 Fig.	 3-1).	
Previous	work	has	shown	that	deletion	of	copA	in	S.	aureus	renders	the	cell	sensitive	
to	high	concentrations	of	copper,	and	to	a	lesser	extent,	lead	and	iron	in	vitro	(13).	
The	copAZ	 locus	 is	 regulated	by	 the	 copper-sensitive	operon	 repressor,	CsoR,	 that	






































the	 ACME	 cassette	 that	 confers	 USA300	 with	 increased	 resistance	 to	 copper	
compared	to	other	S.	aureus	strains.	Furthermore,	I	demonstrate	that	the	cop	genes	
play	a	key	role	in	intracellular	survival	of	USA300	inside	the	macrophage.				
3.2 Experimental procedures 
3.2.1 Bacterial strains, plasmids, and growth media 
All	bacterial	strains	and	plasmids	used	in	this	study	are	listed	and	described	in	Table	
3-1.	 Strains	 were	 stored	 in	 15%	 glycerol	 stocks	 at	 -80℃	 and,	 prior	 to	 use,	 were	
streaked	onto	tryptic	soy	broth	(TSB)	(Difco)	agar	plates	containing	the	appropriate	
antibiotic.	Solid	media	were	prepared	with	addition	of	1.5%	w/v	Bacto	agar	(Difco).	
Concentrations	 of	 antibiotics	 used	 were	 as	 follows:	 50	 μg/mL	 kanamycin	 and	
100	μg/mL	ampicillin	 for	Escherichia	coli	 selection,	4	μg/mL	tetracycline,	5	μg/mL	
chloramphenicol,	 and	 3	 μg/mL	 erythromycin	 for	 S.	 aureus	 selection.	 E.	 coli	were	
grown	 in	 Luria	 Broth	 (Difco)	 and	 S.	 aureus	 strains	 were	 grown	 in	 TSB,	 or	 either	
chelex-100-treated	 Tris	 minimal	 succinate	 (cTMS)	 or	 Roswell	 Park	 Memorial	
Institute	(RPMI)	(Gibco)	media	for	growth	under	metal	restriction.	All	solutions	and	








DH5α	 F-Ф80	 dLacZΔM15	 recA1	 endA1	 nupG	 gyrA96	 glnV44	





























































GAT	 CGA	GCT	 CGA	ATC	ACA	GGG	AGG	 CAA	TAA	TG	
(forward)	











































Abbreviations:	 AmpR	 –	 ampicillin	 resistance;	 CmR	 –	 chloramphenicol	 resistance;	 EryR	 –	
erythromycin	resistance;	KmR	–	kanamycin	resistance	
	
3.2.2 S. aureus growth curves 
To	 determine	 the	 metal	 minimum	 inhibitory	 concentation	 (MIC),	 bacteria	 were	
cultured	on	TSB	agar	 (TSA),	 then	several	 single	 isolated	 colonies	were	picked	and	







3.2.3 Cloning and mutagenesis of S. aureus  
Oligonucleotides	used	to	generate	the	copAZ	mutation	are	listed	in	Table	3-1.	An	in-
frame,	markerless	deletion	was	generated	using	the	pKOR1	plasmid	using	methods	
previously	 described	 (22).	 Briefly,	 ~800	 bp	 regions	 located	 just	 upstream	 and	
downstream	of	the	copAZ	genes	were	PCR	amplified	with	primers	listed	in	Table	3-1.	




SacII	 restriction	 enzyme	 (New	 England	 Biolabs	 (NEB))	 and	 T4	 DNA	 ligase	 (NEB),	
respectively.	 Both	 the	 forward-upstream	 primer	 and	 reverse-downstream	 primer	
contained	attB	sites	that	then	allowed	the	ligated	upstream	and	downstream	product	
to	 be	 introduced	 into	 pKOR1	 using	 site-specific	 recombination,	 generating	 a	
pKOR1∆copAZ	 clone.	 The	 vector	 was	 constructed	 in	 E.	 coli	 DH5	 and	 passaged	
through	 S.	 aureus	 RN4220	 at	 30℃	 before	 being	 electroporated	 into	 USA300.	
Recombination	was	performed	as	previously	described	(22)	and	formed	a	3.035	kb	














3.2.4 Complementation of copAZ and copBL genes 
Complementation	 vectors	 were	 designed	 using	 plasmid	 pALC2073	 (26).	









3.2.5 RNA isolation and qPCR 
S.	aureus	strains	were	grown	in	2	mL	Tris	minimal	succinate	(TMS)	or	RPMI	media	













3.2.6 Protein expression and purification  








Coulter	Optima®	 L-900K	ultracentrifuge	 for	 45	min.	 The	 lysate	was	 filtered	with	











3.2.7 DNA-binding assays 
Electrophoretic	mobility	shift	assays	(EMSA)	were	performed	with	purified	CsoR	and	
double	stranded	DNA.	The	DNA	probe	was	amplified	through	PCR	with	primers	listed	
in	 Table	 3-1.	 	 Protein	 and	DNA	were	 incubated	 in	 a	 25	 μL	 volume	 that	 contained	
100	ng	 DNA,	 50	 mM	 Tris,	 240	 μg/mL	 bovine	 serum	 albumin	 (BSA),	 15.2	 μg/mL	
Poly[d(I-C)],	 and	 CsoR,	 at	 room	 temperature	 for	 15	 min.	 Following	 this	 15-min	
incubation,	 samples	with	metal-loaded	CsoR	underwent	 a	 10-min	 incubation	with	
CuSO4	or	ZnCl2,	or	equal	amount	of	sterile	water	for	samples	with	apo-CsoR.	Samples	
were	 separated	on	6%	non-denaturing	polyacrylamide	gels	 in	TBE	buffer	 (10	mM	
Tris,	 89	 mM	 Tris	 Borate,	 2	 mM	 EDTA,	 pH	 8.3)	 at	 120	 volts	 for	 1.5	 h.	 DNA	 was	
visualized	by	incubating	gel	in	0.5	μg/mL	ethidium	bromide	for	15	min,	followed	by	
two	 washes	 with	 water	 and	 10	 min	 submergence	 in	 1	 mM	 MgSO4	 to	 reduce	
background	signal.		
3.2.8 Mammalian cell culture  
RAW	264.7	macrophages	from	the	American	Type	Culture	Collection	were	grown	in	
RPMI	 1640	 buffered	 with	 sodium	 bicarbonate	 and	 25	 mM	 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic	 acid	 (HEPES)	 supplemented	with	 5%	 (v/v)	 Fetal	 Bovine	
Serum	(FBS).	Macrophages	were	cultured	in	37℃	with	5%	CO2.	RAW264.7	∆ATP7A	




3.2.9 Gentamicin protection assays  











3.3.1 CopB is homologous to other copper ATPases 
HHpred	analysis	of	the	predicted	product	of	the	ACME-encoded	copB,	USA300	strain	
FPR3757	 gene	 SAUSA300_0078,	 showed	 that	 it	 had	 high	 structural	 similarity	 to	
cation-transporting	 P1B-ATPases	 (Table	 3-2;	 Fig.	 3-2;),	 and	 a	 36%	 amino	 acid	
identity	to	copper-transporting	ATPase	copA	(SAUSA300_2495).	CopB	possesses	two	
of	 the	 common	motifs	 to	 P-type	ATPases:	 the	 conserved	GDGINDAP	 (G577-P584)	
nucleotide	binding	motif	and	a	CPH	intramembranous	motif	(C336-H338),	conserved	




motif,	 LSAC	 (L16-C19),	 essential	 for	 membrane	 anchoring	 (40).	 YdhK-family	




Table	3-2.	HHpred	 analysis	of	CopB	 (SAUSA300_0078)	and	downstream	 lipoprotein,	CopL	 (SAUSA300_0079)	 from	USA300	
strain	FPR3757	(18)	





Legionella	pneumophila	 Copper	Efflux	ATPase	 4BBJ	 36	 0.602	 3.7e-110	
Archaeoglobus	fulgidus	 CopA,	copper-exporting	P-type	
ATPase	A	
3J08	 32	 0.579	 4.4e-100	
	 Shigella	sonnei	 Zinc-transporting	ATPase	 4UMW	 25	 0.378	 8e-92	
	 Arabidopsis	thaliana	 P-type	ATPase	proton	transport	 5KSD	 23	 0.298	 1.3e-73	
	 Sus	scrofa	 Potassium-transporting	ATPase	
alpha	
3IXZ	 20	 0.246	 1.6e-70	
	 Squalus	acanthias	 Na,	K-ATPase	alpha	subunit	 2ZXE	 20	 0.242	 2.8e-70	
	 Oryctolagus	cuniculus	 Sarcoplasmic/endoplasmic	
reticulum	calcium	ATPase	
3AR4	 22	 0.230	 5.4e-69	
	 Neurospora	crassa	 Proton	pump,	plasma	membrane	
ATPase	
1MHS	 21	 0.303	 7.5e-70	
	 Sulfolobus	solfataricus	 Copper-transporting	ATPase	 2YJ3	 31	 0.501	 3.9e-28	
	 Homo	sapiens	 Copper-transporting	ATPase	1	 2KIJ	 36	 0.562	 2.2e-24	
	 Escherichia	coli	 Potassium-transporting	ATPase	B	
chain	
1SVJ	 18	 0.194	 8.2e-18	





Bacillus	subtilis	 Uncharacterized	protein	YdhK	 4MDW	 48	 0.820	 1e-60	
	 Homo	sapiens	 AT-rich	interactive	domain-
containing	protein	4A	
2MAM	 19	 0.217	 0.16	
	 Escherichia	coli	 Tran	protein;	cell	adhesion,	
bacterial	secretion	
3ZBI	 39	 0.814	 0.029	



































3.3.2 USA300 has increased copper resistance  
To	determine	if	copBL	conferred	USA300	with	increased	resistance	to	copper	toxicity	
and	perhaps	a	growth	advantage	in	copper-rich	environments,	minimum	inhibitory	
concentration	 (MIC)	 analysis	 was	 performed	 with	 eight	 S.	 aureus	 strains	 and	
increasing	 concentrations	 of	 copper	 sulfate	 (CuSO4).	 The	 growth	 of	 USA300	 was	
compared	 to	 other	 MRSA	 and	 MSSA	 S.	 aureus	 isolates:	 Mu50,	 RN6390,	 RN4220,	
Newman,	 SH1000,	 MW2,	 and	 MN8,	 strains	 that	 possess	 copAZ	 as	 the	 only	
characterized	copper	detoxification	system.	In	chemically	defined	minimal	medium,	
RPMI,	 I	observed	that	USA300	had	a	1-fold	greater	MIC	(2000	μM)	than	the	other	
seven	 S.	 aureus	 strains	 tested	 (MIC	 of	 1000	 μM)	 (Fig.	 3-3),	 suggesting	 that	 the	
additional	 putative	 copper	 efflux	 pump	 (CopB)	 and	 lipoprotein	 (CopL)	 may	 play	
additive	roles	in	copper	resistance.		
3.3.3 CopBL enhances copper resistance in S. aureus 
As	 I	 hypothesized	 that	 CopBL	 is	 directly	 responsible	 for	 USA300’s	 increased	
resistance	 to	 copper,	 I	 measured	 the	 MIC	 of	 isogenic	 USA300	 strains	 containing	
mutations	 to	 the	 copper	 detoxification	 proteins.	 All	 USA300	 experimental	 strains,	

























in	 trans	(Fig.	3-4A).	These	results	demonstrate	that	CopBL	 is	 important	 for	copper	
resistance,	but	 that	 it	 is	CopL,	and	not	CopB,	 that	provides	USA300	with	 increased	
resistance	to	copper.			
In	 addition	 to	 examining	 the	 ability	 of	USA300	 strains	 to	grow	 in	 the	 presence	 of	
copper,	I	wanted	to	explore	the	bactericidal	effects	of	copper.	A	kill	curve	analysis	was	
performed	with	 the	WT,	copAZB,	and	complemented	 strain,	copAZB+pCopAZ,	with	
increasing	 concentrations	 of	 copper.	 The	 CuSO4	 concentrations	 ranged	 from	 25-
400	μM,	 which	 correlated	 to	 the	 copper	 concentrations	 calculated	 within	 the	
phagosome	during	infection	(45).	I	observed	that	the	WT	and	complemented	strain	





3.3.4 ACME-encoded CopBL complements copA mutation in RN6390  
To	determine	if	the	ACME-encoded	genes	copBL	could	be	utilized	by	other	S.	aureus	
strains,	an	MIC	was	performed	with	RN6390.	RN6390	is	a	MSSA	isolate	that	contains	
copAZ	 as	 the	 sole	 characterized	 copper	 detoxification	 pathway.	 As	 previously	
observed,	 the	CuSO4	MIC	of	WT	RN6390	 is	1000	μM,	1-fold	 lower	than	that	of	WT	
USA300	 (Fig.	 3-5).	 To	 my	 surprise,	 expressing	 copBL	 in	 trans	 in	 WT	 RN6390	
(WT+pCopBL)	did	not	confer	this	strain	with	greater	copper	resistance	compared	to	
RN6390	WT	alone.	This	may	be	due	to	additional	intrinsic	factors	used	by	USA300	to	





Fig.	 3-4.	 CopBL	 confers	 resistance	 to	 copper	 toxicity	 in	 chemically	 defined,	metal-
chelated	media,	RPMI.	A.	USA300	background	strains	were	grown	in	RPMI	+	0.2	μM	
EDDHA	 for	 24	 h	 with	 increasing	 concentrations	 of	 copper	 sulfate	 (CuSO4)	 to	















WT	 (MIC	 of	 1000	 μM),	 establishing	 that	 RN6390	 can	 utilize	 CopBL	 in	 copper	
detoxification	in	lieu	of	CopAZ	(Fig.	3-5).		
3.3.5 Cop efflux pumps increase resistance to lead, cadmium, and silver  
Many	copper-translocating	ATPases	are	not	dedicated	copper	transporters	but	are	
able	to	secrete	additional	transition	metals	(46).	To	examine	CopA	and	CopB	efflux	
substrates,	MIC	 growth	 analyses	with	 five	 different	metals,	 cadmium,	 cobalt,	 lead,	












and	 silver	 in	 vitro	 (47),	 although	 no	 analysis	 had	 yet	 to	 show	 a	 role	 for	 CopA	 in	
cadmium	and	 silver	 detoxification	 during	 growth.	 Therefore,	 these	 results	 are	 the	
first	 to	 demonstrate	 that	 copAZ	 and	 copBL	 are	 needed	 for	 detoxification.	 Further	
































































































































































copZ	 locus	 in	B.	subtilis	was	25	bp	DNA-binding	sequence	 for	CsoR	(49,	50),	and	a	
similar	 CsoR-binding	 sequence	was	 identified	 in	 S.	 aureus	upstream	 of	 the	 copAZ	
operon	(15).	Upstream	of	copBL	I	pinpointed	a	similar	25	bp	sequence	that	I	predicted	
to	be	the	DNA-binding	site	of	CsoR	(Fig.	3-8C).	Therefore,	for	the	DNA-binding	assays,	
I	 designed	 120	 bp	 oligonucleotide	 fragments	 upstream	 of	 copAZ	 and	 copBL	 that	
encompassed	the	predicted	CsoR	binding	sites	(primers	listed	in	Table	3-1).			
Recombinant	apo-CsoR	was	 incubated	with	 the	promoter	 sequences	of	copAZ	and	









	3.3.8 The copAZB mutant has attenuated growth in murine macrophages 
Copper-detoxification	 systems	 are	 critical	 for	 the	 intracellular	 survival	 of	 many	




























the	 role	 ATP7A	 plays	 in	 S.	 aureus	 intracellular	 survival,	 I	 performed	 infections	 in	
ATP7A-deficient	macrophages.	Unexpectedly,	the	copAZB	strain	still	had	a	lower	fold	





USA300	 is	 the	 predominant	 CA-MRSA	 worldwide	 and	 is	 the	 causative	 agent	 of	
moderate	to	severe	infections	in	humans	(51).	Unique	to	USA300	is	the	presence	of	
the	ACME	cassette,	 for	which	 its	 exact	 role	 in	USA300	virulence	 is	poorly	defined.	
Encoded	within	the	ACME	cassette,	I	identified	a	putative	copper	efflux	pump,	named	
copB,	and	a	downstream	lipoprotein	of	unknown	function,	designated	copL.	Due	to	its	
high	 redox	 potential,	 copper	 homeostasis	 is	 critical	 to	 survival	 of	 pathogens,	




detoxification	 mechanisms	 on	 the	 ACME	 cassette	 conferred	 USA300	 with	 greater	











1.5	 h	 post-infection	 (normalized	 to	 log	 1),	 where	 data	 points	 represent	 the	 fold	
change	in	CFU	from	1.5	h.	Statistics	were	performed	using	Student’s	t-test;*P	≤	0.01.	









to	 copper	 detoxification	 in	 vitro	 using	 MIC	 analysis	 with	 copper	 sulfate.	 This	
contribution,	 however,	was	 largely	due	 to	 the	 copper-regulated	 lipoprotein,	 CopL,	
and	not	the	efflux	pump,	CopB.	The	necessity	of	CopL	in	copper	detoxification	was	
unexpected	as	it	has	no	clear	mechanistic	role	in	copper	efflux.	CopL	homologs	have	






copper	 via	 CsoR.	 Since	 its	 initial	 discovery	 in	 M.	 tuberculosis,	 CsoR	 has	 been	
characterized	 in	 many	 other	 bacterial	 species	 as	 a	 copper-responsive,	 one-
component	regulator	of	copper	detoxification	pathways	(14,	54).	 Interestingly,	 the	




responsive	 transcriptional	 regulator	 is	 involved.	 Binding	 of	 zinc	 by	 copper-
detoxification	 regulators	 has	 been	 previously	 characterized,	 including	 CsoR	 in	 C.	
glutamicum,	and	CopY	in	E.	hirae	(41,	55).	Therefore,	the	possible	role	of	the	cop	genes	
in	 zinc	 detoxification	 requires	 further	 investigation,	 in	 particular	 inside	 the	
phagosome.	
This	 is	 the	 first	study	to	demonstrate	that	copper	detoxification	pathways	aid	 in	S.	
aureus	survival	inside	the	macrophage.	I	show	that	both	copAZ,	in	concert	with	copBL,	







of	 growth	 inside	 the	 macrophage	 (7,	 56,	 57).	 In	 these	 studies,	 the	 attenuated	




Unexpectedly,	 the	 copAZB	 mutant	 phenotype	 in	 murine	 macrophages	 was	 not	
restored	 to	 WT	 levels	 but	 was	 still	 attenuated	 in	 an	 ΔATP7A	 deficient	 line	 of	




mentioned,	 I	 demonstrate	 that	 all	 four	 genes,	 copAZ	 and	 copBL	 are	 regulated	 in	
response	 to	 both	 copper	 and	 zinc,	 suggesting	 cross-talk	 between	 copper	 and	 zinc	
homeostasis	 in	 S.	 aureus.	 Additionally,	 like	 copper,	 macrophages	 utilize	 the	
antimicrobial	properties	of	 zinc	 to	kill	 engulfed	pathogens	 in	 the	phagosome.	Zinc	
accumulation	in	the	phagosome	was	observed	in	murine	macrophages	infected	with	
Mycobacterium	avium	in	response	to	pro-inflammatory	cytokines	TNFα	and	IFNγ,	and	




Although	 not	 fully	 characterized,	 zinc	 transport	 in	 mammalian	 cells	 is	 facilitated	
through	ZnT-	or	ZIP-family	transporters,	and	is	independent	of	ATP7A	(62).	Although	
zinc	is	generally	regarded	as	less	toxic	than	copper,	it	may	exert	bactericidal	activity	
by	 functioning	as	a	metal	 antagonist	 in	 the	 cell.	 Such	 is	 the	 case	 in	S.	pneumoniae,	









chaperone	 ATOX1	 to	 ATPase	 transporter,	 ATP7A,	 on	 the	 phagosomal	 membrane.	













a	 novel	 discovery,	 future	 work	 will	 focus	 on	 examining	 the	 properties	 of	 this	
lipoprotein	and	its	metal-binding	capabilities.	CopL	is	most	likely	capable	of	binding	
to	copper,	and	perhaps	zinc,	at	the	surface	of	the	cell.	The	USA300	Latin-American	
Variant	 (USA300-LV),	 as	well	 as	a	human	MRSA	 isolate	 from	West	Australia,	both	










a	 role	 for	 the	 cop-encoded,	 copper-detoxification	 systems	 in	S.	 aureus	phagosome	
survival.	This	finding	demonstrates	that	copper-translocating	ATPases,	and	copper-
responsive	 lipoprotein,	 are	 key	 virulence	 factors	 in	 intracellular	 survival,	 and,	
furthermore,	may	confer	USA300	with	greater	resistance	inside	the	phagosome.	The	
ability	of	microbes	to	remove	excess	copper	is	important	for	virulence	and	is	a	key	











































































































































































































































































4 General Discussion 
4.1 Characterizing the heme-responsive regulator SbnI 
The	ability	of	S.	aureus	to	adapt	to	such	different	environmental	niches	is	undoubtedly	
due,	 in	 part,	 to	 its	 profound	 capacity	 to	 acquire	 essential	 nutrients	 such	 as	 iron.	
S.	aureus	 produces	 two	 siderophores,	 staphyloferrin	 A	 and	 staphyloferrin	 B,	 that	
function	to	acquire	free	ferric	iron	or	remove	ferric	iron	from	human	glycoproteins.	
In	 this	 study,	 I	 characterize	 the	 regulation	 of	 SB	 biosynthesis.	 The	 biosynthetic	
enzymes	 for	SB	are	encoded	on	the	sbn	operon,	which	encodes	nine	genes,	sbnA-I.	
Prior	 to	 this	 study,	 the	 biological	 function	 of	 only	 the	 first	 8	 genes	 had	 been	
characterized:	sbnA,	sbnB,	sbnC,	sbnE,	sbnF,	sbnG,	and	sbnH	all	encode	for	biosynthetic	
enzymes,	 and	 sbnD	encodes	 the	 SB-specific	 transporter	 (1–3).	 The	 function	of	 the	
terminal	gene	in	this	operon,	sbnI,	was	previously	unknown,	and	although	appearing	
to	 have	 no	 biosynthetic	 enzymatic	 function,	 was	 highly	 conserved	 among	
Staphylococcal	 strains	 that	 possessed	 the	 sbn	operon.	 Therefore,	 the	 foundational	
question	of	this	study	was	to	elucidate	the	role	of	SbnI.						
4.1.2 Regulation of the sbn operon by SbnI 
In	this	work,	I	discovered	that	SbnI	is	a	transcriptional	regulator	of	the	sbn	operon.	
Growth	kinetic	assays	showed	that	the	sbnI	mutant	was	unable	to	grow	in	medium	
where	 SB	 was	 required	 for	 iron	 acquisition.	Moreover,	 disc	 diffusion	 assays	 that	
examined	 siderophore	 profiles	 revealed	 that	 at	 12	 hours	 post-infection	 the	 sbnI	
mutant	had	no	detectable	 levels	of	 SB,	 in	 contrast	 to	WT.	The	 inability	of	 the	 sbnI	
mutant	to	produce	SB	to	the	same	levels	as	WT	was	explained	through	qPCR	analysis,	


















simocyclinone	 D8	 in	 Streptomyces	 antibioticus	 (9),	 the	 phenazine	 pyocyanin	 in	
Pseudomonas	 aeruginosa	 (10),	 and	 intracellular	 metabolites,	 like	 indole,	 in	 Vibrio	
cholerae	 (11).	SB	 is	 a	 high-affinity	 iron	 chelator	 and	 intracellular	 accumulation	 of	
functional	 siderophore	 would	 be	 detrimental	 to	 cell	 physiology	 (12–14).	 Thus,	 I	
speculate	that	the	product	of	SbnA	and	SbnB,	L-DAP,	may	serve	as	a	binding	partner	
to	 SbnI	 to	 signal	 upregulation	 of	 the	 efflux	 pump,	 SbnD,	 thereby	 preventing	
accumulation	of	 SB	 inside	 the	 cytoplasm	and	deleterious	 chelation	of	 intracellular	
iron.			
 4.1.3 The role of heme in SbnI-mediated regulation 












may	 occur	 through	 the	 same	motif	 as	 Irr.	 Site	 directed	 mutagenesis	 of	 SbnI	 that	




I	 observed	 with	 the	 sbnI	mutant	 under	 normal	 growth	 conditions.	 This	 finding	
strongly	suggested	that	SbnI	was	not	active	when	the	cells	were	grown	in	heme,	and	
indicated	that	SbnI	is	a	regulatory	switch	for	iron	acquisition.	Therefore	under	iron	
(and	 heme)	 deplete	 conditions,	 SbnI	 binds	 within	 the	 sbn	 operon,	 leading	 to	
upregulation	of	genes	sbnD-I	and	enhanced	SB	synthesis.	 In	 the	presence	of	heme,	
perhaps	 transported	by	 the	 Isd	 system,	SbnI	binds	 to	heme,	preventing	SbnI	 from	
binding	to	nucleic	acid,	resulting	in	decreased	SB	synthesis	(Fig.	4-1).			
An	 aspect	 of	 iron	metabolism	 that	 is	 not	 directly	 examined	 in	 this	 study,	 but	 has	
important	implications	in	iron	utilization,	is	the	biosynthesis	of	heme.	Like	iron,	heme	
is	 essential	 for	 proteins	 involved	 in	 oxidative	 respiration,	 and	 thus	 S.	 aureus	
endogenously	produces	its	own	heme	through	a	series	of	enzymes	encoded	by	hem	
genes	(17,	18).	Also	 like	 iron,	heme	is	 toxic	 to	 the	cell	at	high	concentrations	as	 it	






4.1.4 Future directions   
Oligomerization	studies	of	purified	SbnI	demonstrated	that	it	forms	higher	molecular	
weight	structures,	namely	tetramers	or	dimer	of	dimers.	SbnI	has	low	homology	to	








Fig.	 4-1.	 Proposed	 schematic	 of	 SbnI-mediated	 regulation	 of	 SB	 synthesis.	 During	
growth	 in	heme-deplete,	 iron-poor	environments,	 SbnI	 is	 “active”	and	upregulates	
transcription	of	the	sbn	operon,	specifically	efflux	pump	SbnD,	and	downstream	genes	
(sbnD-I).	When	heme	is	present	 in	 the	environment,	heme	is	 taken	up,	most	 likely	












nucleoprotein	 complexes	 that	 can	 consist	 of	 >20	 dimers	 that	 loop	 and	 bridge	 large	
segments	of	DNA,	referred	to	as	ParB	spreading	(19,	20).	Techniques	such	as	protein-
induced	fluorescence	enhancement	(PIFE),	have	been	previously	used	to	examine	DNA-














Staphylococcus	 pseudintermedius,	 a	 coagulase-positive	 staphylococci	 that	 is	 known	 to	
cause	severe	skin	infections	in	domesticated	animals	(22).	SbnI	from	S.	pseudintermedius	
is	 also	 capable	 of	 binding	heme,	 as	 determined	 through	UV-vis	heme	 titration	 assays	












Species	 Identity	(%)a	 Similarity	(%)a	 e-value	
Coagulase	Positive	 	 	 	
S.	agnetis	b	 66	 75	 2e-125	
S.	argenteus	 98	 98	 0.0	
S.	delphini	 61	 70	 1e-114	
S.	EGD-HP3	 63	 75	 3e-120	
S.	HGB0015	 64	 74	 2e-124	
S.	hyicus	 66	 75	 3e-125	
S.	intermedius	 60	 69	 1e-113	
S.	OJ82	 65	 78	 1e-128	
S.	pseudintermedius	 60	 69	 1e-113	
Coagulase	Negative	 	 	 	
S.	arlettae	 63	 75	 1e-120	
S.	equorum	 65	 78	 2e-127	







stress	 than	WT,	 although	 the	 reason	 for	 this	was	 not	 characterized	 (23).	Therefore,	 I	
propose	that	SB	works	to	either	chelate	intracellular	iron,	thereby	reducing	intracellular	
Fenton	chemistry,	or	carries	iron	to	enzymes	involved	in	the	oxidative	stress	response.	
Future	 work	 on	 this	 finding	 is	 to	 see	 if	 the	 sbnI	mutant	 has	 decreased	 survival	 in	
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neutrophils	 compared	 to	 WT,	 due	 to	 the	 heightened	 oxidative	 burst	 utilized	 by	
neutrophils	in	bacterial	clearance.			
4.1.5 Significance of this study 
The	regulatory	model	of	SB	synthesis,	mediated	by	the	DNA-	and	heme-binding	protein	
SbnI,	 is	 the	 first	 characterized	 system	 in	 bacteria	 to	 demonstrate	 a	 regulatory	 link	
between	siderophore-mediated	iron	acquisition	and	heme	uptake.	The	importance	of	SB	
in	 vivo	 has	 previously	 been	 demonstrated,	 where	 an	 sbnE	mutant	 had	 a	 significant	
reduction	 in	CFUs	 in	a	murine	kidney	abscess	model	of	 infection	(24).	Therefore,	as	a	
regulator	of	the	sbn	operon,	SbnI	is	a	key	virulence	factor	that	may	play	a	critical	role	in	
bacteremia	 model	 of	 infection.	 The	 discovery	 of	 SbnI	 also	 explains	 why	 heme	 is	 the	
preferred	iron	source	of	S.	aureus	(25),	where	I	demonstrate	that	siderophore-mediated	
uptake	is	turned	off	in	response	to	heme.		
4.2 The role of copper detoxification systems in S. aureus 
Unlike	iron	that	is	actively	sequestered	away	from	invading	pathogens,	copper	is	found	
at	 the	 host-pathogen	 interface	 in	 excess.	 Cells	 of	 the	 innate	 immunity,	 namely	
macrophages,	transport	copper	into	bacteria-containing	phagosomes	through	the	efflux	
pump	 ATP7A	 (26).	 Excess	 copper	 in	 the	 phagosome	 causes	 membrane	 damage	 to	
bacteria	and	forms	ROS,	resulting	in	damage	to	lipids,	nucleic	acids,	and	proteins	(27).	
S.	aureus	 is	 capable	 of	 flourishing	 inside	 macrophages;	 however,	 the	 mechanisms	
involved	 in	 this	 process	 have	 not	 been	 fully	 delineated	 (28).	 All	 sequenced	 S.	 aureus	
strains	encode	for	a	copper	efflux	ATPase,	copA,	and	on	the	same	operon	a	cytoplasmic	
copper	 chaperone,	 copZ	 (29).	 CopA	 has	 been	 shown	 to	 be	 critical	 for	 copper	
detoxification	in	vitro;	however,	prior	to	this	study,	its	role	in	the	context	of	intracellular	
survival	in	the	phagosome	had	previously	not	been	investigated.		
CA-MRSA	 strain	 USA300	 carries	 the	 ACME	 cassette,	 which	 is	 thought	 to	 confer	
heightened	virulence	to	this	strain.	On	the	ACME	cassette	is	encoded	a	putative	copper	
efflux	pump,	herein	named	copB,	and	downstream	lipoprotein,	designated	copL.	Prior	to	













metal	 resistance	 has	 been	 largely	 undefined.	 However,	 in	 M.	 tuberculosis,	 LpqS	 is	
described	as	a	putative	lipoprotein	that	is	regulated	in	response	to	copper	and	has	been	






responsive	 transcriptional	 regulator,	CsoR.	Additionally,	 as	determined	by	qPCR,	both	
cop	loci	are	also	regulated	in	response	to	zinc,	where	I	saw	a	notable	increase	in	cop	gene	
expression	 in	 the	 presence	 of	 zinc.	 Although	CsoR	 in	Corynebacterium	 glutamicum	 is	
capable	of	binding	to	both	copper	and	zinc	resulting	in	upregulation	of	cop	genes		(32),	
EMSA	results	 in	 this	study	 suggested	 that	 this	may	not	be	 the	 case	 in	S.	aureus:	CsoR	
interaction	with	the	copA	and	copB	promoter	fragments	was	unaffected	in	2:1	molar	ratio	
of	 zinc	 to	 protein.	 This	 raises	 an	 interesting	 question:	 is	 there	 is	 an	 additional	 zinc-
responsive,	transcription	factor	that	regulates	the	cop	loci?				
4.2.2 cop genes are needed for full virulence inside the phagosome   
Through	gentamicin	protection	assays	in	murine	macrophages,	I	demonstrate	that	the	
copAZ	 and	 copBL	 loci	 are	 important	 for	 growth	 in	 the	macrophage,	 where	 a	 copAZB	
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Listeria	 monocytogenes	 (40),	 where	 strains	 containing	 mutations	 to	 central	 copper	




4.2.3 Future experiments to examine the role of cop genes in intracellular survival 
Future	work	on	this	project	will	examine	the	expression	of	the	copAZ	and	copBL	genes	
during	intracellular	growth	using	qPCR.	Transcriptome	analysis	of	intracellular	bacteria	
following	macrophage	 infection	has	been	performed	 in	other	species,	 such	as	Listeria	









sensitivity	 of	 the	 copAZB	 mutant	 compared	 to	 WT.	 Previous	 work	 has	 shown	 that	
macrophages	 also	 efflux	 zinc	 into	 the	 phagosome	 following	 phagocytosis,	 and	
furthermore,	the	bacterial	zinc	efflux	pump,	ZntA,	is	important	for	intracellular	survival	
of	 E.	 coli	 (45–47).	 Therefore,	 along	 with	 looking	 at	 cop	 gene	 expression	 following	
macrophage	infection,	I’ll	also	examine	the	expression	of	other	zinc	regulated	genes	in	
the	 phagosome.	 This	 will	 be	 particularly	 interesting	 in	 the	 ΔATP7A	 RAW624.7	 cells,	

























4.2.4 Significance of this study 
In	this	study,	I	identify	a	novel	copper-detoxification	mechanism,	CopBL,	encoded	on	the	







Outside	of	 the	 innate	 immunity	context,	 there	 is	an	 increase	use	of	copper-coating	on	
hospital	 surfaces	 and	 medical	 devices.	 Preliminary	 work	 that	 looked	 at	 the	 role	 of	
copper-coating	in	hospitals	to	limit	microbial	spread	showed	a	significant	decrease	in	the	
overall	microbial	population;	however,	only	nominally	worked	against	highly	antibiotic	




4.3 Iron and copper interplay 
In	 this	 work,	 I	 describe	 two	 different	 mechanisms	 by	 which	 S.	 aureus	 maintains	
homeostasis	of	essential	 transition	metals,	 iron	and	copper.	Despite	 the	similarities	of	
iron	 and	 copper	 usage	 by	 bacteria,	 the	 host	 uses	 two	 completely	 different	 facets	 of	




with	 respect	 to	 copper,	 is	opposite	 to	 that	 of	 iron.	 In	 the	macrophage,	 free	 copper	 is	







copper	 from	 iron-sulfur	 (Fe-S)	 clusters	 (54–56).	 Iron-sulfur	 clusters	 are	 essential	














some	 strains	 of	 uropathogenic	 E.	 coli,	 which	 binds	 both	 iron	 and	 copper.	 LC-MS/MS	
analysis	of	urine	from	patients	suffering	from	a	urinary	tract	infection	by	E.	coli,	revealed	




copper	 than	 iron,	 as	 determined	 in	 vitro	 (59).	 Biologically,	 staphylopine	 has	 been	
observed	to	bind	to	zinc,	and	as	such	is	considered	a	zincophore	(60);	its	role	in	copper	
transport	 or	 sequestration	 during	 growth,	 or	 inside	 the	 phagosome,	 has	 not	 been	
characterized.	 Thus,	 further	 work	 is	 needed	 to	 investigate	 the	 potential	 role	 of	
staphylopine	in	copper	metabolism	and	copper	resistance.		
Overall,	this	study	has	important	implications	in	understanding	S.	aureus	pathogenicity,	
as	 both	 SB	 and	 copper	 detoxification	 are	 key	 pathways	 linked	 to	 virulence.	 Many	
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